Experimental and numerical investigations on the fluid contribution to the tensile-compressive mechanical behavior of the bovine periodontal ligament by Bergomi, Marzio
POUR L'OBTENTION DU GRADE DE DOCTEUR ÈS SCIENCES
PAR
ingénieur en microtechnique diplômé EPF
de nationalité suisse et originaire de Coldrerio (TI)
acceptée sur proposition du jury:
Suisse
2008
Prof. L. Laloui, président du jury
Prof. I. Botsis, directeur de thèse
Prof. U. Belser, rapporteur 
Prof. A. Benallal, rapporteur 
Prof. D. Pioletti, rapporteur 
ExpErimEntal and numErical invEstigations 
on thE Fluid contribution to 
thE tEnsilE-comprEssivE mEchanical 
bEhavior oF thE bovinE pEriodontal ligamEnt
Marzio BERGOMI
THÈSE NO 4065 (2008)
ÉCOLE POLYTECHNIQUE FÉDÉRALE DE LAUSANNE
PRÉSENTÉE LE 25 AvRIL 2008
À LA FACULTÉ DES SCIENCES ET TECHNIQUES DE L'INGÉNIEUR
LABORATOIRE DE MÉCANIQUE APPLIQUÉE ET D'ANALYSE DE FIABILITÉ
PROGRAMME DOCTORAL EN MÉCANIQUE 

A Vale, Chris e Juan

Remerciements
Je voudrais tout d’abord remercier mon directeur de the`se Prof. John
Botsis pour m’avoir donne´ l’opportunite´ d’accomplir ce travail au sein
du laboratoire de me´canique applique´e et analyse de fiabilite´ (LMAF) a`
l’E´cole Polytechnique Fe´de´rale de Lausanne (EPFL) mais surtout pour
sa pre´sence, constante tout au long de ces quatre anne´es.
Je remercie tous les membres du PDL Group avec qui on a eu d’innom-
brables discussions: l’e´quipe de l’universite´ de Gene`ve: Prof. Urs Belser,
Dr. Anselm Wiskott, Mrs. Giovanna Vaglio, M. Serge Bovier et M.
Le´onard Brazzola; le Dr. Dieter Bosshardt de l’univerite´ de Berne; le
Dr. Tatsuya Shibata, de l’universite´ Tsurumi, a` Tokyo; enfin, les Dr.
Aı¨ssa Mellal et Dr. Joe¨l Cugnoni, du LMAF, pour leurs grandes com-
pe´tences et leur immense disponibilite´.
Un grand merci a` tous les colle`gues du labo, anciens et actuels et
aux me´caniciens de l’atelier: M. Marc Jeanneret, M. Nicolas Favre
et M. Ste´phane Haldner, toujours tre`s disponibles et riches en conseils
pre´cieux pour le de´veloppement du dispositif de test.
v
J’aimerais e´galement exprimer ma reconnaissance au Fonds National
Suisse de la Recherche Scientifique (FNS, grant n. 109487) pour le fi-
nancement de ce projet.
Mille merci a` toutes les personnes que j’ai pu rencontrer lors des nom-
breuses collaborations, lie´es ou pas au sujet de cette the`se. J’ai eu la
chance d’avoir eu a` que faire a` des personnes exquises avec lesquelles je
garde toujours de tre`s bons contacts.
Je remercie de tout mon cœur toute l’e´quipe des labos du couloir d’a`
cote´, et spe´cialement les deux trop grands et le musicien ultime.
Merci, merci, merci.
Merci enfin a` l’e´quipe qui encadre l’accompagement scolaire au cen-
tre socioculturel de la Bourdonnette, ainsi qu’a` tout(e)s les petit(e)s
monstres qui ont ravive´, et animeront encore je l’espe`re, nos de´buts de
semaine.
Merci encore et toujours
a` ma famille,
a` mes amis les plus chers.
vi
Abstract
Orthodontic treatments are all based on the experimental evidence that
teeth can be forced to move in the dental arch by means of applied
mechanical forces. Since it allows for prediction of dental mobility,
the mechanical characterization of the tissues involved in this process
is of paramount importance. In fact, as technologies and strategies
in treating pathological situations become increasingly more advanced,
better knowledge of dental mobility allows for the optimization of these
tools and thus, minimization of the costs of the interventions.
Among the tissues that made up the periodontium, the functional
unit comprising the bone of the jaw, the periodontal ligament (PDL, a
soft connective tissue which binds the teeth to the jaw) and the cemen-
tum of the teeth, the PDL is commonly considered to play the major
role in dental movements. To obtain insights on its mechanical behav-
ior, specimens of PDL, containing also bone and cementum parts, are
extracted and tested with adequate loading profiles. However, due to
morphology and size, the excision of such specimens is often delicate
and represents one of the main challenge in the experimental characteri-
zation of the PDL. Furthermore, for the investigation to be pertinent, it
is necessary to test the in-vitro specimens in an environment recreating
at best physiological conditions.
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In this study, the characterization of the mechanical behavior of the
periodontium was based on histo-morphological investigation, on me-
chanical testing of excised specimens containing the three tissues and
on numerical modeling.
Micro-structural aspects of the periodontium were assessed by mor-
phometric analysis of histological sections. Since it plays a central role
in the tooth supporting mechanism, the vascular system was charac-
terized by assessing densities and sizes of blood vessels present in the
PDL. Also, the roughness of the interfaces between PDL and bone and
between PDL and cementum was quantified via their fractal dimen-
sions.
To approach as much as possible an in-vivo–like situation for the
mechanical testing of in-vitro specimens, physiological conditions were
reconstructed at best in a closed environment created in a custom-
made pressure chamber filled with physiological solution. Cylindrical
specimens, with diameter of approximatively 6mm, were obtained from
mandibular first molars of freshly slaughtered bovines. A thorough ex-
perimental determination of the contribution of the fluid phase, com-
prised in the periodontium, to the overall response of the tissues was
carried out by imposing sinusoidal tensile-compressive loading profiles
(simulating mastication) to specimens subjected to different environ-
mental conditions.
A numerical model was then developed to reproduce and analyze
the observed phenomena.
Eventually, the mechanical response to multiaxial loading was in-
vestigated by simultaneously applying axial displacement and lateral
hydrostatic confinement to specimens which were wrapped in a thin
rubbery membrane.
The morphometrical investigation enhanced the high heterogeneity
and porosity of the tissues involved. In fact, no general pattern could be
established for the structural description of the periodontium. More-
over, the presence of large blood vessels in the PDL suggested that
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the vascular system should somehow be taken into consideration when
describing the mechanical behavior of this ligament.
The mechanical testing proved the response of the bone-PDL-ce-
mentum functional system to be characterized by the interactions be-
tween a porous solid skeleton, forming the structural matrix of the
tissues, and a fluid content flowing through it during cyclic tensile-
compressive loading profiles. In fact, the solid matrix alone (i.e., emp-
tied of its fluid content) clearly showed an hyperelastic behavior (both
for tensile and compressive loading), so that the highly time-dependent
hysteric behavior shown during compressive loadings of fully fluid-
saturated specimens was mainly attributed to the fluid phase.
The numerical model, based on a multiphase mixture formulation,
allowing thus for the description of the interactions between a porous
compressible hyperelastic matrix (described by an Ogden’s strain en-
ergy potential) and the fluid filling its pores, well reproduced the me-
chanical response of the periodontium subjected to cyclic tensile-com-
pressive loadings. The model enhanced also the significant exchange of
fluid taking place between the PDL and the bone part of the specimens,
proving thus the importance of considering the fluid phase in the me-
chanical description of the periodontium. Loading rate dependences of
the compressive response were also partially captured by such a model.
The experimental response to a multiaxial loading showed eventu-
ally the dependence of the axial stress on the joined action of level of
lateral confinement (hydrostatic pressure) and extent of fluid saturation
of the solid matrix.
Keywords: Periodontal ligament, porous medium, tension-compres-
sion, fluid contribution, finite element model, multiaxial loading.
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Resume´
Les traitements orthodontiques se basent tous sur l’e´vidence expe´ri-
mentale que les dents peuvent eˆtre de´place´es dans la cavite´ orale graˆce
a` l’application de forces me´caniques. La caracte´risation du comporte-
ment me´canique des tissus implique´s est donc fondamentale, puisqu’elle
permet de pre´dire ce phe´nome`ne qu’est la mobilite´ dentaire. En effet,
l’avancement de l’e´tat des techniques et des strate´gies propose´es pour
le traitement de situations pathologiques requiert une profonde con-
naissance des phe´nome`nes qui re`glent cette mobilite´. De plus, ce savoir
permettrait une minimisation des couˆts d’intervention.
Parmi les tissus constituant le pe´riodonte, l’unite´ fonctionnelle com-
prenant l’os de la maˆchoire, le ligament parodontal (PDL ou desmod-
onte, tissu mou reliant les dents a` la maˆchoire) et le ce´ment de la
dent, le PDL est conside´re´ jouer un roˆle de´cisif en biome´canique den-
taire. L’analyse de son comportement me´canique passe souvent par
l’extraction d’e´chantillons, comprenant aussi des parties d’os et de
ce´ment, qui sont par la suite teste´s avec des profils de charges ade´quats.
Cependant, compte-tenu de sa morphologie et de sa taille, l’extraction
de tels spe´cimens est souvent de´licate et repre´sente un des de´fis majeurs
dans la caracte´risation expe´rimentale du PDL. De plus, pour une e´tude
rigoureuse, il est ne´cessaire de tester ces e´chantillons in-vitro dans un
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environnement recre´ant au mieux des conditions physiologiques.
Dans cette e´tude, la caracte´risation du comportement me´canique
du pe´riodonte a e´te´ base´e sur des analyses histo-morphologiques, sur
des tests me´caniques effectue´s sur des e´chantillons contenant les trois
tissus et sur des mode`les nume´riques.
Les aspects micro-structuraux du pe´riodonte ont e´te´ e´value´s par
analyse morphome´trique de sections histologiques. E´tant donne´ qu’il
joue un roˆle central dans le me´canisme de support dentaire, le syste`me
vasculaire a e´te´ caracte´rise´ par l’e´valuation des densite´s et des dimen-
sions des vaisseaux sanguins pre´sents dans le PDL. De meˆme, la rugosite´
des interfaces entre PDL et os et entre PDL et ce´ment a e´te´ quantifie´e
par leur dimension fractale.
Pour approcher les conditions in-vivo lors d’essais me´caniques d’e´-
chantillons in-vitro, l’e´tat physiologique a e´te´ reconstitue´ au mieux
dans un environnement clos, cre´e´ a` l’aide d’une chambre a` pression,
spe´cialement conc¸ue pour les besoins de l’e´tude, et remplie avec une
solution physiologique. Des e´chantillons cylindriques de diame`tre ap-
proximatif de 6mm ont e´te´s extraits des premie`res molaires mandibu-
laires de bovins fraˆıchement abattus. Une de´termination expe´rimentale
minutieuse de la contribution de la phase liquide, contenue dans le
pe´riodonte, a` la re´ponse totale des tissus a e´te´ effectue´e en imposant
des profils de charges sinuso¨ıdaux en traction-compression (simulant
la mastication) a` des e´chantillons soumis a` diffe´rentes conditions en-
vironnementales. Un mode`le nume´rique a e´te´ ensuite de´veloppe´ pour
reproduire et analyser les phe´nome`nes observe´s. Finalement, la re´ponse
me´canique a` un chargement multiaxial a e´te´ e´tudie´e en appliquant si-
multane´ment un de´placement axial et un confinement hydrostatique
late´ral a` des e´chantillons enrobe´s dans une fine membrane.
Les analyses morphome´triques ont mis en e´vidence le caracte`re
he´te´roge`ne et poreux des tissus e´tudie´s. En effet, aucune ge´ne´ralite´
a pu eˆtre e´tablie pour la description de la structure du pe´riodonte. De
plus, la pre´sence de gros vaisseaux sanguins dans le PDL sugge`re que le
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syste`me vasculaire doit impe´rativement eˆtre pris en conside´ration pour
une interpre´tation correcte du comportement me´canique de ce ligament.
Les essais me´caniques ont de´montre´ que la re´ponse du syste`me os-
PDL-ce´ment e´tait caracte´rise´e par une forte interaction entre un sque-
lette solide et poreux, formant la matrice structurelle des tissus, et une
phase liquide s’e´coulant a` travers cette matrice pendant les charge-
ments cycliques en traction-compression. En effet, la matrice solide
seule (teste´e donc en absence de phase liquide) a` montre´ un com-
portement hypere´lastique (pour des chargements soit en traction soit
en compression) de sorte que le comportement histe´retique observe´ lors
de chargements compressifs d’e´chantillons comple`tement sature´s a pu
eˆtre principalement attribue´ a` la phase liquide.
Le mode`le nume´rique, base´ sur une formulation de type me´lange
multiphasique permettant la description des interactions entre une ma-
trice hypere´lastique, poreuse et compressible (de´crite par un potentiel
d’e´nergie de de´formation du type Ogden) et le liquide circulant en-
tre ses pores, e´tait bien adapte´ pour reproduire la re´ponse me´canique
du pe´riodonte soumis a` un chargement cyclique. Le mode`le a, entre
autres, mis en e´vidence un e´change significatif de liquide ayant lieu en-
tre le PDL et la partie osseuse des e´chantillons, prouvant ainsi a` quel
niveau il e´tait important de conside´rer la phase liquide lors de la de-
scription du comportement me´canique du pe´riodonte. De meˆme, la
de´pendance de la re´ponse en compression au taux de chargement a pu
eˆtre partiellement explique´e par un tel mode`le.
Pour conclure, la re´ponse a` un chargement multiaxial a re´ve´le´ com-
ment l’action conjointe du niveau de confinement late´ral (pression hy-
drostatique) et de l’e´tendue de la saturation en liquide de la matrice
solide affectent l’e´tat de contrainte axiale.
Mots cle´s: Ligament parodontal (desmodonte), milieu poreux, tension-
compression, contribution du fluide, mode`le a` e´le´ments finis, chargemet
multiaxial.
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Chapter 1
Introduction and Motivations
If one way be better than another, that you may be sure is
Natures way.
Aristotle, 384 BC - 322 BC
1.1 Biomechanics
Bio-mechaincs is the branch of physics concerned with motion and
equilibrium (-mechaincs) applied to living systems (Bio-). A compre-
hensive definition for this discipline has been formulated by Fung in its
fundamental book Biomechanics [50]:
Biomechanics seeks to understand the mechanics of living systems.
It is a modern subject with ancient roots and cover a very wide territory
[...]. The motivation for research in this area comes from the realization
that biology can no more be understood without biomechanics [...]. For
an organism, biomechanics helps us to understand its normal function,
predicts changes due to alterations, and propose methods of artificial
intervention. Thus diagnosis, surgery and prosthesis are closely asso-
ciated to biomechanics.
As mentioned by Fung, the interest in understanding how living
systems work is ancient and can be led back to the greek Aristotle (384-
322 B.C.) and his works On the Parts of Animals and On the Movement
of Animals, in which he described animal bodies as mechanical systems.
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(a) (b)
Figure 1.1: Biomechanics: (a) Leonardo da Vinci’s Vitruvian man exemplify the blend of
art and science by illustrating the proportion of the human body; (b) Giovanni Borelli’s
study of arm’s mechanics.
Later on, other great scientists established the basics for this field;
Leonardo da Vinci (1452-1519) studied muscle forces and joints func-
tions basing himself on observation (the great painter is considered
as one of the father of anatomy, figure 1.1a) and experimentation, in
particular trying to mimic, by designing artificial mechanisms, the na-
ture’s way of doing things; Galileo Galilei (1564-1642), who, by analyz-
ing the results obtained from his original experimental methodology,
has been the first to guess that bones are hollow; Giovanni A. Borelli
(1608-1679), generally considered as the first modern biomechanician,
who tried to explain animals’ body motion through mechanical princi-
ples (figure 1.1b); and Hermann von Helmholtz (1821-1894) who was
the first bioengineer inventing several instruments to study the mechan-
ical behavior of human organs. Clearly, then, as stated by Humphrey
and Dalenge [62], biomechanics focuses on both design and analysis,
each of which is fundamental to engineering.
2
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1.2 Dental biomechanics
If one gently tries to wiggle one of its teeth, for instance the upper
left incisor, one perhaps feels it slightly moving. Question may arise
whether this is a physiological or a pathological situation.
This movement is a normal condition and is caused by the presence
of a soft, tiny membrane, called periodontal ligament (PDL), interposed
between the roots of each tooth and the bone of the jaw. Contrarily
perhaps to what people commonly think, the teeth are not just rigidly
connected to the jaw, but held to their sockets by this ligament, thus
allowed to move. But then, what is it there for? How does it contribute
to the mechanics of the masticatory system?
Dental biomechanics try to answer to this kind of questions. It is
one of the several disciplines up which the large field of biomechanics
naturally split during its development. Its main objective is to sup-
ply tools helping dentists and maxillofacial surgeons in planing their
interventions more rationally, increasing thus the chances of success.
Understanding tooth displacement under functional loads is becoming
more important, as new solutions in dental restorations, prosthodontics
and orthodontic treatments become increasingly more advanced [123].
Dental mobility is then the keyword; prediction of the displacements
knowing the applied forces and vice versa. This comes to describe the
laws ruling the mechanical behavior of the materials involved. A metal-
lic dental implant, for instance, can generate some residual stresses
once screwed into the jaw bone. But how far these residual stresses
are sensed? And since it is known that prolonged loading profiles may
induce bone remodeling (i.e. bone growth or resorption, depending
whether the stress is higher or lower compared to a physiological situ-
ation), how the surrounding tissues will be affected?
Constitutive laws describing at best the real mechanical behavior,
together with accurate numerical simulations, will help to answer these
questions.
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1.3 The periodontium
Periodontium literally means “around the tooth”... and designates the
physiological unit comprising the gingiva, the periodontal membrane and
the alveolar process, viewing these as a functional system which receives
the impact of mechanical function of the teeth... it is used to designate
the functional structures that are directly involved in resisting forces
applied to the teeth. S.P. Ramfjord, [119].
The periodontium (see figure 1.2) is thus a sort of articulation com-
posed by two antagonist bony parts, the cementum on the tooth side
and the alveolar bone on the jaw side, and by a layer in between
these two hard tissues, the periodontal ligament (PDL), making
the connections and allowing for relative displacements of the tooth
with respect to the bone. The gingiva, the soft tissue which over-
lies the bone and forms a protective collar around the tooth, is also
considered part of the periodontium.
The periodontium, however, is not a common articulation like the
knee, the hip or the shoulder; in these articulations, called diarthroses,
the range of movement is large, cartilage covers the extremity of the
bones and a ligamentous capsule envelops the whole joint. In these
kind of joints cartilage is the tissue responsible for shock cushioning
and friction minimization.
The PDL is neither a synarthrosis, or immovable articulation.
This kind of articulation do not have any articular cavity and provide
no movement. Their principal function is to provide stability, and to
absorb energy in case of trauma. An example of a synarthrosis is the
cranium.
Amphiarthroses are those kind of articulation with no articular
cavity, connecting bone to bone by ligamentous or cartilagenous tis-
sue and allowing for limited motion. The anchoring of teeth to the
mandible by the PDL, called a gomphosis, or the intervertebral disks
are examples of this kind of articulation.
Figure 1.3 presents an histological cross-section of the periodon-
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Figure 1.2: Schematic drawing of the tooth anatomy (vertical cross section) and ter-
minology for the different tissues. The cementum, the PDL, the alveolar bone and the
gingiva (marked with *) made up the periodontium unit.
tium structure, where alveolar bone (b), periodontal ligament (PDL),
cementum (c) and dentin (d), with their respective features, are clearly
distinguishable.
In the following sections (1.3.1 and 1.3.2) a summary of relevant
informations, from an anatomical and/or morphological point of view,
for this study on the periodontium is reported. Keeping in mind that
this investigation was dealing with a functional system, a description
of all of the tissues involved in the mechanical response (i.e., alveolar
bone, PDL and cementum), is given.
1.3.1 Periodontal ligament
The periodontal (perio, from the latin to surround, and dontal, mean-
ing tooth) ligament (from ligare, meaning to attach) is the soft tissue
5
CHAPTER 1. INTRODUCTION AND MOTIVATIONS
c
d
PDL
b
BV
r.c.
r.c.
r.a.
Figure 1.3: Histological section of the periodontium: the alveolar bone (b), on the
top of the figure, shows some remodeling activity (r.a.) and resorption cavities (r.c.);
the periodontal ligament (PDL) is the mid-layer in the figure. It presents a dense,
spaghetti-like collagen fiber mesh with fibroblast cells (darker dots within the PDL)
and an important vascular system (BV); the cementum (c) and dentin (d) are the
bottom layers. Cementum shows a lamellated (horizontal in the picture) structure,
perpendicularly crossed by tubules (arrows) which enters into the dentin.
which wraps the roots of the teeth and holds them to the surrounding
bone.
In general terms, a ligament is a short band of tough, flexible, fi-
brous tissue which connects bone to bone (in opposition to tendons,
connecting bone to muscle) to form an articulation. Its principal role
is to ensure passive stability of the articulation. More specifically, the
periodontal ligament (PDL) bonds two different hard tissues; the ce-
mentum of the teeth and the bone of the jaw. In this, and many other
aspects, the PDL results, as pointed out by Beertsen et al. [8] to be a
unique, multifunctional connective tissue. Among its functionalities,
in fact, Beertsen et al. enumerated the following:
1. bonding of the teeth to the surrounding alveolar bone;
2. cushioning and distributing the shocks due to physiological or
6
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pathological loadings to the contiguous alveolar bone;
3. allowing for dental mobility. The direction, frequency, duration
and magnitude of the applied forces determine in part the extent
and rapidity of bone remodeling.
4. providing for sensory input the masticatory system;
5. nourishing of the surrounding tissues though the vascular system.
From a mechanical standpoint, points 1 to 3 are the most relevant.
Teeth mobility, in particular, is a peculiar functionality of the PDL
that others common ligaments do not show. It is exploited in the field
of orthodontics to adjust a possible pathological spatial distribution
of the teeth within the oral cavity. In fact, it has been verified [58]
that, when forces are applied to teeth or osteointegrated implants with
no surrounding PDL, the rate and extent of bone remodeling is very
limited.
Thus, the presence of the PDL, together with the application of
some external forces, allows for teeth to move within their bony sup-
port. The connections between these elements still nowadays not well
understood. Nevertheless, the biological structure of the PDL (rich in
cells responsible for tissue generation, see below) can give some insights
on the mechanisms underlying teeth mobility.
The following is the description of the principal components which
made up ligaments in general (see [32, 50] for a more comprehensive
description of ligament composition) and PDL in particular:
• Ground substance
The ground substance, or extracellular matrix (ECM) is all the
material building up a tissue, except for the cells. In connec-
tive tissues such as tendons, ligaments, cartilage, or bones, the
majority of the tissue consists in ECM. It is made of a network
of interfibrillar matrix material (collagen or elastin, see below)
containing proteoglycans and other proteins. Proteoglycans are
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proteins connected with and surrounding the interfibrillar ma-
trix. In general, bone, tendon and ligament tissues present a
minor quantity of proteoglycans than cartilage, where they domi-
nate the mechanical behavior. In fact, the function of this protein
is to regulate the amount of water in the tissue (lubrication).
The ECM is manufactured by specialized cells (see further) that
generate the different types of connective tissue. In the case of
ligaments, fibroblasts are the cells responsible for collagen and
elastin synthesis.
• Collagen fibers.
Collagen fibers (CFs) are the main component of the ECM (see
figure 1.4). They are fibrous proteins which are synthesized within
cells but do not contribute to cellular functioning, since they only
perform a structural role in the ECM.
There are 5 distinguishable types of fibrous collagen; I, II, III, V
and XI (type I is the main type present in tendons and ligaments).
They represent a third of the total body proteins and occur in
almost all tissues. Tendons contains the highest percentage (75
to 85%), while only 50 to 70% of the PDL is made of CFs [33,89].
Collagen are organized into structured patterns; single collagen
molecules (size of 1nm) are grouped to form collagen fibrils (100
nm), which are the unit constituting the CFs. A bundle of CFs
made up a fascicle.
CFs provide strength and confer form, while allow for flexibility
and movement; they are the major structural component of tis-
sues, carrying tension in soft tissues and providing a platform for
mineralization for hard tissues, mostly subjected to compression.
• Elastin fibers
Elastin is a non-collagenous fibrous protein also secreted into the
ECM. With some exception (e.g., ligamentum nuchae and liga-
menta flava), elastin is present in very small amounts in tendons
8
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100 μm
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fb
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Figure 1.4: Histological section of the PDL: the collagen fibers (CFs) compose
the vast majority the extracellular matrix (ECM). Fibroblast (fb) can be seen
within the fiber bundles (from Sanctuary, [123]).
and ligaments. It allows tissues to elastically deform without
damage. No studies to date report the existence of elastin in
humans, rats, monkeys or mice PDL [134].
• Vascular system
Compared to other fibrous connective tissues, the PDL vascula-
ture (i.e., the blood vessels (BV)) results to be highly developed
[48] (see also figure 1.3). It has been suggested [85, 94, 106, 113],
therefore, that the vascular system of the PDL plays an important
role in shock absorption during mastication impacts. BV volume
is evaluated to occupy from 4 to 47% [17,132] of the PDL space.
The PDL receives its blood supply from three sources [42, 51]:
(i) cervically (from the top) from vessels of the gingiva, (ii) lat-
erally from vessels passing through the alveolar bone (known as
perforating arteries), and (iii) apically (from the bottom) from
branches of the vessels supplying the pulp of the tooth.
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• Nerve fibers
Nerves generally wrap groups of CFs (fascicles, see above). It has
been established [158] that the sensory system within the PDL
plays a role in monitoring bite force discrimination.
• Cells
The cells contained in the PDL are responsible for the ECM gen-
esis; fibroblasts (fb, see figure 1.4), embedded in the ECM and
parallel oriented with respect to the surrounding CFs, synthesize
CFs and elastin. They are interconnected by numerous junctions,
thus able to coordinate their action. Peculiar to the PDL fibrob-
lasts is the presence of an enzyme responsible for mineralization
processes [8]. It is not clear, however, why the entire periodontal
ligament does not mineralize during normal functioning.
Cells responsible for cementum and bone deposition were also
found within the PDL [11, 28]. Cementoblasts and osteoblasts
cells are located close to the surface of the cementum and of the
alveolar bone, respectively.
The PDL appears to be more complex than other ligaments; its shape,
size and morphology represent major challenges for an accurate descrip-
tion. In fact, ligaments generally have a well defined geometry with
an easily identifiable direction of the fibrous (i.e., collagen and elastin)
structure. Physiological stimuli are generally only tensile loadings along
the tissue’s fibers orientation. In the case of the PDL, collagen fibers
have a much more wavy pattern, and no well defined preferential direc-
tion can be identified.
In sum, as Edwall et al. clearly stated in [44], The PDL un-
doubtely has unique functions among the connective tissue in the mam-
malian body. Its ability to tolerate high intermittent pressures during
mastication, as well as more continuous pressures — for instance dur-
ing orthodontic treatment — combined with its ability to detect small
tactile stimuli is impressive. The vasculature in the PDL is adapted
10
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to these conditions, and it plays a central role in the functions of the
ligament.
1.3.2 Cementum and alveolar bone
Both of these tissues are hard mineralized tissues. They represent the
boundaries within which the PDL is confined.
Cementum is the calcified tissue that completely covers the roots
of the teeth, which are made of dentin. Its structure presents a lamel-
lated pattern (parallel to the interface with the PDL, see figure 1.3) and
provides for the attachment of the PDL collagen fibers (see figure 1.5a).
In humans, cementum is found to be of about 50µm thin close to the
cemento-enamel junction (refer to figure 1.2), whereas at the apex (i.e.,
the tip of the roots) it may reach 300µm in thickness [119]. Generally,
its interface with the PDL appears smooth, if compared with the bone
surface.
Cementum deposition on dentin surface is initiated by the pres-
ence of cells called cementoblasts, which are responsible for cementum
growth via the synthesis and the mineralization of the organic matrix.
Calcified collagen fibers are embedded in the cementum layers quite
perpendicularly to its surface and forms the so called Sharpey’s fibers
(see figure 1.5a).
Narrow channels, called dentinal tubules (see figure 1.3), cross ce-
mentum and dentin layers and connect the pulp of the teeth to the
PDL and to the oral cavity. Teeth hypersensitivity to cold and/or
hot foodstuff has been proved to be related to these tubules [100,169].
Cementum is a relatively compact tissue, since no vascularization can
generally be found in it, and its only porosity is due to the dentinal
tubules. Values for porosity are rarely found in the literature; Qin et
al. [115] proposed a 5% porosity.
The functionality of the cementum is to transmit occlusal forces to
the periodontal ligament and to resist pressure against the root surface.
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Figure 1.5: Macerated thin sections showing calcified Sharpey’s fibers (sh) inserting into
cementum (a) and bone (b) (from Sanctuary, [123]).
Alveolar bone (see figure 1.2) is the bone which forms the sockets
accommodating the teeth. Like any other bone in the human body,
alveolar bone grows and declines throughout life. It is rich in os-
teoblasts, the cells responsible for bone formation, which create bone,
and in osteoclasts, the cells responsible of bone resorbtion, which de-
stroy it, especially if some mechanical stress is exercised on the bone
[122]. In fact, a portion of bone under compressive force shows a high
level of osteoclasts concentration, resulting in bone resorption. Con-
trarily, an area of bone under tensile stresses presents a high number
of osteoblasts, resulting in bone formation.
The alveolar bone is a plate of compact bone, the thickness of which
depends on the positioning of the teeth, as well as on functional needs;
the plate becomes thicker with increasing and thinner with decreasing
functional loadings [52]. The ability of bone to modify its structure to
specific loadings is known as Wolff’s law [162].
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Numerous holes (the Harvesian canals, [119]), allowing for the ner-
ves and the blood vessels to reach the PDL from the marrow spaces (see
figure 1.2), perforate the alveolar bone plate [51]. These holes, together
with the resorbtion cavities, resulting from bone remodeling processes
(see figure 1.3), are the evidence of the porous nature of this tissue. As
in the case of cementum, values for this specific material property are
difficult to find. Nevertheless, quantities assessed for cortical bone from
femur [9, 153], mandible [149] and other compact bones [31], ranging
between 8 and 12%, and can be taken as representative of alveolar bone
porosity, since these tissues are considered to be of the same nature.
Alveolar bone is principally made of collagen, mainly structured in
calcified Sharpey’s fibers (see figure 1.5b), which are continuous with
the PDL collagen fibers and represent the anchoring apparatus of the
PDL to the bone. Sharpey’s fibers can extend over a great distance
in the alveolar bone, exceeding sometimes the width of the ligament
itself [8]. For mechanical in vitro testing of the periodontium, it is thus
important that the excised specimen presents enough bone to ensure
that the ligament still posses its integral anchoring system.
At the macroscopic scale, the bone surface often appears quite rough
and jagged (see figure 1.3), testifying a certain proficiency in the remod-
eling activity.
From a functional point of view, alveolar bone supports the teeth
and bears the stresses arising form the forces applied to them.
1.4 Review of experimental techniques
Interest in mechanical testing on dentition began in the 17th century,
when Fauchard [155] first published a description and an illustration
of an orthodontic apparatus, generating forces by the use of ligatures
binding the teeth to a rigid arch, and aiming to move teeth within the
bone of the jaw. Since then, more and more refined experimental setups,
with the help of histo-morphological investigations, tried to shed light
on why, by applying forces to them, teeth can move into their bony
13
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sockets.
The types of tests found in the literature can be catalogued into two
main groups: the Whole tooth (see section 1.4.2) movement charac-
terization (see figure 1.6a), roughly representing one third of published
experimental papers, and the direct Periodontal specimen (section
1.4.3) characterization (figure 1.6b), representing the remaining two
thirds.
1.4.1 Typical mechanical response of soft tissues
Before focusing on the PDL, a description of the mechanical response
of soft tissues in general is worthwhile. Figure 1.7 shows the typical re-
sponse to a tensile test of soft tissues (e.g., ligaments, tendons, arteries,
skin). Initially the tissue shows very little resistance to elongation, re-
sulting in a very flat response called zero region. A non-linear increase
of the load with further increasing displacement, called toe region, ap-
pears afterwards. Follow linear and subsequent rupture regions.
The shapes of the various stages of this curve can be qualitatively
interpreted by the histological analysis of the tissue’s structure. During
the zero region the collagen fibers of the tissue are coiled and do not
carry any load. The extracellular matrix surrounding the fibers undergo
shearing during this stage [37]. Further elongation provokes progressive
uncoiling and engagement of the collagen fibers in load bearing, result-
ing in the non-linear toe region. In the linear part, all of the fibers
are in a stretched state and well aligned along the loading direction.
With further elongation, progressive rupture of the fibers occurs, until
complete fracture of the tissue.
The displacements (or strains) during these processes are generally
large with respect to the thickness of the ligament.
1.4.2 Whole tooth
For this kind of test, a whole tooth surrounded with intact jaw bone,
either in-vivo or ex-vivo (i.e., an intact excised block containing the en-
14
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crown
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PDL
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Figure 1.6: Schematic illustrating a whole tooth test (a), a shear test on a shear specimen
(left) and a uniaxial test on a uniaxial specimen (right) (b). A load F is applied to the
tooth part of the specimen, while the bone part is held fix. The resulting displacement
is recorded via an appropriate transducer.
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Figure 1.7: Typical mechanical response of soft tissues. Four zones are usually clearly
distinguishable: the zero, the toe, the linear and the rupture regions.
tire tooth and surrounding bone, as shown in figure 1.6a), is subjected
to loading (force or displacement controlled) while the response (dis-
placement or force) is recorded. The main advantages of this technique
reside in that the periodontium is kept intact and, that in the case of
in-vivo testing, all the possible bio-chemical processes (e.g., blood sup-
ply, bone remodeling), occurring during tooth loading, are still going
on. These tests provide valuable information on the global tooth re-
sponse to physiological or orthodontic stimuli. The major drawbacks
are, however, the very complex three-dimensional geometry of the spec-
imen and the delicate intra-oral experimental testing conditions. The
measured response is thus the average behavior of the whole articula-
tion. Recorded data are furthermore of difficult interpretation, due to
the often unknown morphology of the tested specimen.
Among the first studies performed on entire teeth, the one by Parfitt
[99] recorded the physiological mobility of individual teeth in the axial
16
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direction. Similar loading profiles where also proposed by Picton and
Wills [102] on living monkey subjects. The early work by Daly et al. [33]
is the only experimental study having proposed in-vivo torsional load-
ings on human teeth. Pull-out (tooth extraction) tests are described in
the works by Chiba et al. [24, 26] in the case of rat incisors. The vast
majority of the studies [3,38,67,112,143,148,168], however, proposes the
application of a lateral load, often on (human, rat and dog) incisors and
directed inwards the mouth. Summarizing, these works enhanced the
non-linear elastic, hysteretic, history-dependent and anisotropic (see
section 1.5 and figure 1.8 for the definition of these terms) mechanical
features presented by the tooth supporting apparatus.
Few works [70, 98, 160] were also focussed on the fluid contribution
to dental support mechanisms. Phenomena like PDL fluid movements
during cyclic loading and interstitial fluid pressure changes during trau-
matic occlusional loading were observed, suggesting that interstitial
fluid plays an important role in dental biomechanics.
1.4.3 Periodontal specimens
This approach aims the direct measurement of the PDL properties via
excision of small periodontal specimens (see figure 1.6b) containing
bone, PDL and cementum-dentin portions. Two specimen geometries
are generally tested: the shear specimen and the uniaxial speci-
men. The assets of this category of specimens are that they provides
for better control of the geometry and allow for more accurate identi-
fication of material parameters; the specimens are subjected to simple
and well defined loading configurations, allowing thus for a more reliable
interpretation of the results. Among the drawbacks of this technique
are the time-consuming specimen preparation, their usually small size
and fragility and the loss of in-vivo conditions, resulting in possible
artifacts affecting the biomechanical response of the tissue.
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Shear specimens
Transverse sections, i.e., slices of bone containing (one or more) root
portions held to the bone by the PDL, are cut normally to the tooth ver-
tical axis. The main purpose is to apply extrusive (towards the crown)
and/or intrusive (towards the root tip) loadings, thus simulating the
physiological chewing stimulus. To this end, in general, the bony part
of the transverse section is held fix, while the tooth part is pushed out
with a flat rod. For this type of specimens, the calculation of stresses
and strains, however, becomes a complex task depending on the extent
of the irregularity of the root shape.
Ralph [118] was the first to perform tests on such a specimen geom-
etry. As lately observed by Mandel et al. [82], the shear response of the
PDL showed to be non-linear and hysteretic during loading-unloading
processes. Chiba and Komatsu, with coauthors [25, 27, 71–75], carried
out a wide experimental study based on this type of specimens. Mate-
rial parameters dependencies on site of extraction, rate of loading, fiber
orientation and age of the subjects were investigated with rat incisor
specimens. Briefly, the data showed the mechanical shear response
of the PDL to depend on location along the root, to be viscous and
age dependent. This last observation was however contradicted by Ya-
mane [164]. Experiments by Toms et al. [146] on human tissue resulted
in age-, location- and load-direction-dependent PDL properties. The
latter dependency, indicating an anisotropic behavior of the PDL, was
however not confirmed in a recent study by Sanctuary et al. [124] on
bovine teeth. This study is, up to date, the only study where shearing
of the same specimen was performed in both extrusive and intrusive
directions. The discrepancy between the two works then, is probably
the consequence of the different protocols followed for the assessment
of the undeformed initial state of the tooth part with respect to the
bone.
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Uniaxial specimens
Bar-shaped specimens are often cut from the previously described trans-
verse sections. Containing bone, PDL and cementum-dentin layers as
shown in figure 1.6b (on the right) the uniaxial specimens are suitable
specimens as far as (i) tensile and/or compressive tests, (ii) accurate
load-deformation to stress-strain conversion and (iii) visual observation
of the test are concerned.
A first work based on this type of specimens was done by Atkinson
and Ralph [6] by using extracted human teeth presenting bone frag-
ments that were still attached to the PDL. Elasticity of the soft tissue
was observed but nothing was said about the non-linearity of the ten-
sile response. Loading rate independency was also proved. The rupture
mechanisms of the PDL were also observed in this work; the presence
of PDL after rupture on both bone and cementum surfaces proved that
the ligament failed in its bulk and that its fibers were still anchored to
the hard tissues. This was confirmed by Ralph [117] who furthermore
recorded the the PDL rupture occur in a step-like manner. Dorow
et al. [38] observed viscoelastic and preconditioning (refer to section
1.5 for definitions) phenomena for tensile loading-unloading response
of pig specimens. Durkee [42] and Pini et al. [105,106] reported tensile
and compressive loading responses for the same specimen. Human and
bovine tissue was used, respectively. Whereas the tensile behavior did
not show any relevant difference with what reported in previous works
(e.g., non-linear elasticity, viscosity, strain rate insensitivity, precondi-
tioning), the compressive response showed a very different behavior,
characterized by a heavy dissipative process. Further investigation on
this peculiarity was pursued in the works by Sanctuary et al. [125] and
Shibata et al. [130], still on bovine teeth. High dissipative processes
were confirmed for loading-unloading compressive displacements and
assessed to be independent on specimen location. The absorbing ca-
pacity of the PDL is therefore not affected in spite of the high biological
variability (i.e., morphological differences) observed between specimens.
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1.5 Review of theoretical frameworks
Some of the most common theoretical frameworks chosen for the mod-
eling of the periodontium are presented in this section.
Since the PDL is considered to play the central role in dental mo-
bility (see section 1.3), most of the past works, summarized in section
1.5.1, were focussed on its description, often paying less (or not at all)
attention to the surrounding hard tissues (described in section 1.5.2).
1.5.1 Periodontal ligament
Studies on the mechanical behavior of the PDL are numerous and in-
vestigate the many different aspects that this tissue presents. After
early, very simplistic theoretical frameworks which modeled the PDL
as a incompressible, homogeneous, isotropic and linear elastic material
undergoing to small strains [137, 138], major advances in the theoreti-
cal development of finite strain and non-linear visco-elasticity, together
with the introduction of the theory of porous media in the domain of
soft tissue biomechanics, allowed, in the past decade, the approaching
of a more realistic description of the mechanical behavior of this very
particular ligament.
Figure 1.8 presents some characteristic features of the mechanical
behavior of the PDL when tested in different loading conditions:
1. Non-linear stress-strain relationship
When pulled in tension, the PDL shows a sigmoidal stress-strain
relationship (see, for instance figure 1.8a, curve 102). This re-
sponse is typical for soft tissues and is generally charged to the
uncrimping with progressive pulling of the spaghetti -like collagen
mesh. Monotonic tensile loading of the PDL was described as
non-linear elastic.
2. Strain rate dependancy
The stress response of the PDL prove to be dependent on the
tensile loading strain rate (figure 1.8a). The behavior seemed
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Figure 1.8: Characteristic features of the mechanical behavior of the PDL. Non-linear
tensile stress-strain relationship and strain rate dependancy (a), from [25]; relaxation
curve (b), from [130]; stress response to sinusoidal tensile-compressive strain cycles (c)
showing preconditioning (more pronounced for the compressive phase), from [123].
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to depend on the history of the applied loading, indicating thus
viscous properties of the PDL mechanical behavior.
3. Relaxation
When rapidely pulled in tension to a certain strain, and held
in this state for a given time, the recorded load asymptotically
diminished toward a certain load level (figure 1.8b). This phe-
nomenon, known as relaxation, is also an indicator of a viscous
type of behavior.
4. Tensile-compressive behaviors
For the PDL, physiological stimuli include both tensile and com-
pressive loadings. Subjecting this tissue to sinusoidal tensile-
compressive strains, resulted in the stress response showed in fig-
ure 1.8c. The two phases showed remarkably different behaviors.
While the tensile phase was practically elastic (i.e., the curves for
the tensile loading and unloading paths were superposed, and the
hysteresis —the area enclosed between these two curves— was al-
most zero), the compressive phase showed to be highly dissipative
(almost all the mechanical energy used to compress the ligament
was not retrieved when the ligament was pulled back in its initial
configuration).
5. Preconditioning
A typical feature for soft living tissues is the so called precon-
ditioning. When cyclically loaded, the tissues response slightly
softens with the increasing number of cycles. As showed in fig-
ure 1.8c, in the case of the PDL, this phenomenon was more ev-
ident for the compressive than for the tensile phase, and tended
to vanish after a certain number of cycles (from the 15th cycle on,
the responses practically superposed). In such a steady state, the
tissue is said to be preconditioned [50].
The following is an overview of the theoretical frameworks used to
model the mechanical features of the PDL described above.
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Linear elasticity
Although the PDL clearly showed a nonlinear behavior (which has been
known since very early (1935) mechanical tests, [43]), many researchers
[2, 3, 114, 120, 143, 168] modeled nonetheless the PDL as linear elastic.
To fully characterize such a material, described, in one dimension, by
the Hooke’s law
σ = E (1.1)
and, in three dimensions, by the Kirichhoff - St. Venant constitutive
equation
S = λ(TrE)I + 2µE (1.2)
is enough to provide one of the two couples of material constants: (i)
the elastic modulus (or Young modulus) E and the Poisson’s ratio ν
or (ii) the elastic Lame´ constants λ and µ. These constants are related
via
E =
µ(3λ+ 2µ)
λ+ µ
and ν =
λ
2(λ+ µ)
(1.3)
In this case, the stress (the Cauchy stress σ or the second Piola-Kirch-
hoff stress sensor S, see chapter 2 for definitions) are linearly related to
the deformation (the strain  or the Green-Lagrange strain tensor E).
Elastic moduli, or, more appropriately, tangent elastic moduli E (as
the elastic modulus is defined as the slope of the stress-strain curve at
strain equal zero, thus EPDL ∼= 0), were assessed as the slope of the
stress-strain curves at a certain arbitrary strain. This is the reason why
their values span over six orders of magnitude, from 0.05MPa [151] to
1750MPa [53].
Since living tissues are mainly made of water, the common assump-
tion for what concerns the Poisson’s ratio, which governs the compress-
ibility of the tissue, has been to set it equal to ν = 0.49 [2, 29, 143],
meaning that, like water, the material is practically incompressible.
However, verified values for ν can not be found in the literature. In
fact, this constant is only defined for linear elastic materials, and the
PDL is clearly not linear elastic. Furthermore, the experimental mea-
surement of such a constant results to be a quite hard task in the case of
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the PDL. Thus, other values spanning practically the entire theoretical
range for the Poisson’s ratio (i.e., 0.0 to 0.49 [157]), where selected to
describe the PDL.
Non-linear elasticity
More recently, studies on the PDL have assigned nonlinear properties to
this tissue [40–42,93,103,145,146]. The majority of the proposed con-
stitutive equations was based on piecewise linear elastic laws. The non-
linear stress-strain curve was divided into several zones that were then
individually approximated by linear stress-strain relationships, i.e., by
different values for elastic modulus and Poisson’s ratio for each zone.
Another way to express non-linear elasticity, is to derive the con-
stitutive equations governing the material’s mechanical behavior from
appropriate strain energy potentials. The tensile behavior of the PDL
being similar to the one of other soft tissues, the energy potentials pro-
posed to model their mechanical behaviors was used. Two of the most
common potentials are (i) the one proposed by Veronda and West-
mann [150] for modeling skin behavior
W = α exp [β(I1 − 3)]− αβ2 (I2 − 3) (1.4)
where α and β are elastic parameters and I1 and I2 are strain invariants
(see chapter 2, equation 2.29 for definitions) — this potential was also
used by Pioletti et al. [110] to model knee ligaments — and (ii) the one
proposed by Ogden [96]
W =
N∑
n=1
µn
αn
(λαn1 + λ
αn
2 + λ
αn
3 − 3) (1.5)
where µn and αn are material constants and λi are the principal stret-
ches.
Lately, refinement of the non-linear elastic laws allowed to introduce
material anisotropy [91], accounting for tissue structural arrangement.
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In this case, the strain energy potential splits into two contributions
W =WECM +WCFs (1.6)
whereWECM represents the strain energy potential of the extracellular
matrix of the form of equation 1.4, andWCFs is the strain energy poten-
tial of the collagen fibers, function of additional invariants dependent
on fibers orientation (refer to [61,97] for details).
Linear and nonlinear visco-elasticity
Viscoelastic theoretical models of the PDL are rarely found in the lit-
erature, although, since more than 40 years [13], viscoelastic prop-
erties (e.g., strain rate dependency, relaxation and creep behavior,
preconditioning) are known features of the PDL mechanical behav-
ior [25,74,125,136,140,159].
One among the first works which tried to incorporate the viscous
aspects to the mechanics of the PDL is the one by Toms et al. [144],
who used the theory of quasi-linear viscoelasticity (QLV) developed by
Fung [50]. In this theory, the stress response K(λ, t) to a stretch step
is represented by
K(λ, t) = G(t)T (e)(λ) (1.7)
where G(t) is the reduced relaxation function (a decaying 3 terms expo-
nential function was chosen in [144]), and T (e) the instantaneous elastic
response of the tissue.
Natali et al. [92] lately proposed that the PDL response be formu-
lated by means of a specific Helmholtz free energy density
ψ(C,qi) =W − 12
n∑
i=1
qi : C (1.8)
defined as the difference between an anisotropic hyperelastic stored
energy contribution (W) and the energy dissipated during viscous pro-
cesses (the sum of the scalar products between the internal parameters
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qi, expressing material evolution, and the right Cauchy-Green strain
tensor C), represented as a Zener mechanical model (a spring connected
in parallel with n viscoelastic branches made of serial spring-dash-pot
elements). This model was able to well describe strain rate dependency,
relaxation phenomena and hysteretic tensile behavior of the PDL.
Still in the framework of linear viscosity, the very recent work by
Zhurov et al. [170] proposed an accurate model accounting for the com-
pressible, transverse isotropic, visco-hyperelastic large strain PDL be-
havior. However, up to date, no comparison of the obtained model with
experimental results are proposed.
Experimental tests also proved the non-linear character of the PDL
viscosity [125]. In the study of the PDL mechanical response, to the
author’s knowledge, only the work by Justiz [65] attempted to describe
such a nonlinearity. Nonlinear power law springs and dash-pots with
adjustable exponents allowed to describe the observed large strains stiff-
ening elasticity and low strain rates thinning viscosity (i.e. pseudo-
plasticity). Furthermore, a piecewise split formulation based on the
sign of the deformation tensor allowed for the model to include the
tensile-compressive dissimilarities.
Other theoretical frameworks developed for the description of linear
and nonlinear visco-elastic properties of soft tissues as knee ligaments
[110], blood vessels [60] and soft tissues in general [16, 109] can be
adapted to the modeling of PDL.
Poro-elasticity and Theory of porous media
The porous media approach, historically derived from the theory devel-
oped for the description of saturated and unsaturated soils, has been
integrated in theoretical frameworks for the formulation of soft tissues
constitutive laws to account for their porous nature. Indeed, part of
the time-dependent aspects described above (i.e., strain rate depen-
dency and tensile-compressive dissimilarities) are likely to be captured
by a porous material description, where a fluid can flow through a de-
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formable porous solid matrix.
With application to the PDL, van Driel et. al [148] succeeded in
modeling the response of a creep test by assigning to the PDL and to
the surrounding alveolar bone poro-elastic properties. Furthermore, to
obtain an optimal description, the PDL was split into two layers to
which two different values of permeability were assigned.
In the model proposed by Natali et al. [94], biphasic mixture (porous
solid and pore fluid) and small strains framework were assumed. Pre-
vention for fluid exchanges between PDL and surrounding bone and
cementum was imposed. The model proved to be quite accurate in
the simulations of the experimental tests reported. Nevertheless, this
model resulted to be inappropriate for the description of the physiolog-
ical large strain PDL mechanical behavior.
More advanced works based on porous media descriptions, can be
found in studies applied to other soft tissues;
Kenyon [69] developed a mathematical model, based on Biot’s the-
ory of porous media [14], for the description of water flux in porcine
aortic wall; Holmes [59] applied a mixture model to interpret uniaxial
compression of soft tissues; Yang [165] suggested that the viscoelastic
behavior observed for the cardiac muscle was only partially apparent,
and mostly due to poro-elastic effects. He’s theory was based on Biot’s
description and accounted for large strains, material non-linearity and
strain-dependent permeability. This last property was indeed enhanced
in the work by Mansour and Mow [83], who found out that cartilage
permeability decreased with increasing compressive strain. Permeabil-
ity dependency on strain was also included in the models by Mow et
al. [88] and Ehlers and Markert [45] for cartilage, and by Argoubi and
Shirazi-Adl [4], Silva et al. [131] and Williams et al. [156] for lumbar
disc mechanical description. Another recent noteworthy work is the
one by Li et al. [79], based on the mixture theory of a compressible
Neo-Hookean visco-hyperelastic solid matrix.
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1.5.2 Cementum and alveolar bone
Compared to the PDL, cementum and alveolar bone are quite stiff
[113,142]. In general, in finite element models of periodontium or whole
tooth specimens, the two mineralized hard tissues are considered as
linear elastic materials. Table 1.1 resumes the values adopted by various
authors for the parameters necessary (i.e., Young’s modulus E and
Poisson’s ratio ν) to describe the linear elastic behavior of a medium.
Table 1.1: Cementum and bone mechanical parameters; Young’s modulus E (units in
GPa), Poisson’s ratio ν and porosity n.
Author
Cementum Bone
EC νC nC EB νB nB
Middleton et al. [86] 18.6 0.31 - 13.8 0.26 -
Rees et al. [120] 15.0 0.31 - 13.8 0.26 -
van Driel et al. [148] 18.6 0.3 - 4.59 0.3 0.8
Natali et al. [94] 20.0 0.25 - ∞ 0.5 -
Pietrzak et al. [103] 15.0 0.31 - 0.345 0.31 -
Dorow et al. [39] 19.0 0.3 - 1.0 0.3 -
Ho et al. [57] 14.0 - - 18.0 - -
Although clearly enhanced by histological studies, to the author’s
knowledge, no works, except the one by van Driel et. al [148], consid-
ered alveolar bone as a porous materials.
Other frameworks were developed for complex phenomena such as
remodeling or damage (e.g., [2, 121]). These models are generally in-
tended for the simulation of stress and strain distributions when metal-
lic dental implants are grafted into the jaw bone.
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1.6 Research motivations
Motivations for research in the field of dental biomechanics are well
resumed in the introductory part of a work by Davidovitch [35] (1991)
entitled Tooth movement.
Throughout their natural history, teeth move and migrate. . . Fol-
lowing their emergence into the oral cavity, teeth reach a position in
the dental arch, dictated by the forces of the surrounding muscles of the
tongue, cheeks, and lips, and by contact with teeth of the opposite jaw.
During mastication, teeth can move slightly in the vertical and horizon-
tal directions, constrained by the PDL and the alveolar socket. Despite
their large magnitude, masticatory forces do not alter the position of
teeth, probably due to their short duration. However, in the presence
of periodontal disease, when tissues of the periodontium are gradually
destroyed, teeth can migrate into new positions, where the masticatory
and functional forces reach equilibrium. Often, these new positions are
aesthetically undesirable.
Tooth position may be deemed undesirable due to functional and aes-
thetic considerations, prompting patients to seek orthodontic care. In its
most simplistic translation, ”orthodontics” means straightening teeth.
This ”straightening”, or movement of teeth into desirable positions, is
accomplished by the application of forces to teeth, usually of small mag-
nitude (on the order of a few grams per square centimeter of dental root
surface) and long duration (usually about 2 years). Millions of people
are subjected annually to orthodontic treatment worldwide, making this
branch of dental care a widespread and lucrative specialty. . . many gen-
eral dentists worldwide provide orthodontic care to their patients, and
all, specialists and generalists alike, base their therapeutic means upon
the time-tested observation that teeth can be forced to move away from
their position in the dental arch to new locations by means of applied
mechanical forces.
Thus, understanding of the mechanisms (either mechanical, chemi-
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cal or biological) that allow for the teeth to move within the jaw bone,
is of paramount importance if one seeks to minimize time and costs of
treatments, maximizing thus patient’s satisfaction. Form a mechanical
standpoint, this resumes to identify the constitutive laws describing the
behavior of all the involved tissues; the surrounding alveolar bone, the
PDL and the cementum.
1.7 Objectives
Only few works investigated the mechanical behavior of the periodon-
tium while subjected to physiological stimuli (e.g., mastication). In-
deed, studies in this field focused much more on it’s response under
pathologic (tensile rupture) or orthodontic (braces, implants) forces.
Subjecting the periodontium to more realistic in-vivo–like condi-
tions while trying to capture the mechanisms involved in its mechanics,
were the overall objectives of this thesis. More specifically, efforts were
mainly focussed on the role played by the fluid component contained
in these tissues.
To this end, the extraction of specimens and the design of devices
allowing for multiaxial loading, together with the structural, histological
and morphological characterization of the tissues involved were some of
the challenges faced in this work.
1.8 Thesis outline
Following the present introduction, where a review of (i) the anatomy
of the periodontium, (ii) the experimental techniques and (iii) the the-
oretical frameworks proposed in past studies for the mechanical charac-
terization of the PDL is given, Chapter 2 (page 33) exposes the tools
allowing for the mathematical formulation of the mechanical problem.
The description of the methodologies used to study the mechanical be-
havior of the PDL or to analyze its structure are reported in Chapter 3
(page 55). The data obtained from the experiments are summarized
30
1.8. THESIS OUTLINE
and analyzed in Chapter 4 (page 95). In Chapter 5 (page 155) a
numerical model integrating the phenomena observed in the experimen-
tal tests is proposed. Finally, a conclusion, along with suggestions for
future work, are given in Chapter 6 (page 183).
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Chapter 2
Theoretical Framework
In order to translate a sentence from English to French two
things are necessary. First we must understand thoroughly
the English sentence. Second, we must be familiar with
the forms of expression peculiar to the French language.
The situation is very similar when we attempt to express in
mathematical symbols a condition proposed in words. First
we must understand thoroughly the condition. Second, we
must be familiar with the forms of mathematical expression.
G. Polya, 1887–1985
How to solve it [111]
2.1 Introduction
Experimental and theoretical works reported in the literature proved
(see chapter 1) the PDL to be a very complex tissue, from both histo-
morphological and biomechanical points of view, suggesting that many
different features contribute to its mechanical behavior. The choice
of the theoretical framework describing the physiological tensile-com-
pressive mechanical behavior of the PDL was based on the following
statements, summarizing the most relevant results on the description
of its mechanical behavior:
1. Tensile tests [38,39,106,123] demonstrated that the PDL behaves
as a non-linear elastic material undergoing large deformations.
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2. Sinusoidal and relaxation tensile-compressive tests proved that
the PDL possess non-linear viscoelastic properties [65, 125] The
tensile time dependent features were less marked than the ones
observed for compressive loading.
3. Interstitial fluid was noticed to be expelled out of the PDL during
compressive loading [123]. This, together with histo-morphologi-
cal observations [19], clearly indicated the porous nature of the
periodontal ligament. Nevertheless, only the works by van Driel
et al. [148] and by Natali et al. [94] tried to explain the mechanical
behavior of the PDL via a biphasic material formulation, taking
into account the presence of two different phases: a solid porous
matrix and a pore fluid phase.
4. Furthermore, Provatidis [113], in its comparative study of iso-
and anisotropic PDL numerical models, suggested that there were
‘. . . serious indications that it was not probably the visco-elastic
nature of the continuous PDL but rather the composition of the
PDL as a composite mixture of fluid and fibers. . . ’ that influenced
tooth displacement and thus stresses.
5. The PDL presented a very complex structure [19]; its width, con-
tour roughness, fibrous matrix orientation and blood vessels den-
sity were highly dependent on the sites of investigation. The
structural pattern of the ligament did not follow any trend with
position. However, the site of specimen extraction had no sig-
nificant influence on the energy absorbing capability of the PDL
[130].
6. The alveolar bone [9, 149, 153], cementum-dentin [115] and PDL
[19, 147] porous characters, suggested that the whole periodon-
tium should be considered as the elementary unit (also see [19])
when analyzing the mechanical behavior of the soft tissue, since
fluid exchanges could occur between these three materials.
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Based on these assertions, a framework able to describe the hydro-
mechanical coupling (point 6) between a porous (point 3) non-linear
(linear, for bone and cementum) elastic (points 1 and 4) solid matrix
undergoing finite (small, for bone and cementum) deformations (point
1), and a pore filling fluid was chosen.
Despite its highly heterogeneous and anisotropic microscopic struc-
ture (point 5), homogeneity and isotropy were selected as properties of
all the periodontal tissues. Moreover, all possible viscoelastic aspects
(point 2) were not accounted for, in reason of point 4.
The choice to make use of known constitutive relations, aimed at
the description of the mechanical behavior of the periodontium, was
adopted since the establishment of original constitutive laws was be-
yond the scope of this work.
Note: The experimental testing procedures reported in chapter 3 (es-
pecially in the case of the cylindrical specimens) were designed as to
experimentally determine to what extent the mechanical behavior of
the PDL could be described within such a theoretical framework.
The above mentioned features of the PDL mechanical behavior led
to the choice of a two-phase continuum description [7] of the tissues.
In such a formulation, a medium is considered as a porous solid matrix
saturated with a pore filling fluid. Equilibrium and continuity equa-
tions of such a system, furnish the coupled hydro-mechanical system
of equations allowing for the description of the mechanical interaction
of the two material (solid and fluid) phases (see section 2.4). One of
the possible formulations is the theory of multiphase mixtures (section
2.3.3), which makes use of the concepts of effective stress (introduced
by von Terzaghi [152] for the description of the stress state of a porous
solid, 2.3.2) and of Darcy’s law (expressing the fluid flow through the
pores, 2.3.1), both defined in section 2.3. The concept of hyperelastic-
ity, describing, within the framework of continuum theory, the finite
non-linear elastic behavior of the solid matrix, is developed in section
2.2.
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2.2 Continuum theory
The basics of continuum mechanics are summarized in this section.
The definition of the general equations used to describe the mechanical
behavior (stress-strain relationship) of hyperelastic media subjected to
large deformations are given here.
Since the tools allowing for this description are tensors, large use
of their related properties and algebra was made. The reader is ad-
dressed to the reference works [20,32,50,62,97,108] for a more detailed
development.
This overview of the continuum theory treats of:
• The kinematics, concerning the study of the body motion, and
this independently on the forces that causes it, the constitution
of the material and the type of motion.
• The dynamics, treating quantities like mass, linear and angular
momentum and energy, which are all conserved during the mo-
tion. The concept of stress is introduced at this stage of the
theory.
• The constitutive relations, introducing the model representing the
material’s behavior. This choice is based on both experimental
and morphological observations, as well as theoretical considera-
tions.
• The strain energy function, allowing for the description of hyper-
elastic constitutive behavior.
2.2.1 Kinematics of a continuum
In solid mechanics it is common to use the initial undeformed (and
usually known) configuration Ω0 of a body B to define strains and
stresses (as opposed to the current deformed configuration Ω used in
fluid mechanics). This description is conventionally called material (or
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lagrangian) description (as opposed to the spatial or eulerian descrip-
tion).
O
e1
e2
e3
X
x
u
dx
dX
B
B
Ω0
Ω
t > 0
t = 0
Figure 2.1: Reference and current configuration in lagrangian description.
In its initial (or reference) configuration Ω0, a particle of the body B
is labeled with its position vector X relative to some origin O and to an
orthogonal cartesian frame Oe1e2e3 (see figure 2.1). After some time t,
that same particle is displaced and tracked in the current configuration
Ω by its actual position vector x. Since Ω0 and Ω are configurations
of the same body B, it exists a bijection χ : Ω0 → Ω called motion (or
deformation) such that
x = χ(X, t) for all X ∈ Ω0, X = χ−1(x, t) for all x ∈ Ω. (2.1)
The displacement vector u is defined as
u = x−X (2.1)= χ(X, t)−X (2.2)
and the deformation gradient tensor F as
F(X, t) = ∇χ(X, t) ≡ ∇x (2.3)
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where ∇ is the material gradient operator. In component form, equa-
tion (2.3) is written
Fij =
∂χi
∂Xj
≡ ∂xi
∂Xj
(2.4)
which can also be expressed by
dx = FdX (2.5)
Note that the tensor F transforms an infinitesimal reference segment
dX at the position X, in an infinitesimal deformed segment dx at the
position x following a linear transformation.
The tensor F represents a measure of the deformation induced by
the motion χ. The main drawback of this measure is that it is not
frame independent, i.e. different observers placed in different frames
will have a different descriptor for the same movement. F is said to be
non objective. In addition, F is not a symmetric tensor.
An objective description of the movement needs then to be intro-
duced; the right Cauchy-Green deformation tensor, defined as
C = FTF (2.6)
is actually an alternative objective deformation descriptor, as well as
the left Cauchy-Green deformation tensor, written as
c = FFT (2.7)
2.2.2 Dynamics of a continuum
Description of the dynamics of a continuum implies firstly the balance of
mass, linear momentum, angular momentum and energy, and secondly
the introduction of the stress tensor.
Mass conservation
This principle says that the initial mass of a body B remains unchanged
after the motion χ, i.e. the mass expressed in the material form (refer-
ence configuration) is the same if expressed in the spatial form (actual
configuration).
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Introducing the two scalar quantities of initial mass density P0(X)
and actual mass density ρ(x, t), which can also be expressed in material
coordinates as
ρ(x, t) = ρ
(
χ(X), t
)
= P (X, t) (2.8)
the principle of mass conservation is written as∫
Ω0
P0(X) dV =
∫
Ω
ρ(X, t) dv (2.9)
dV and dv being the elementary volumes in the reference and actual
configuration, respectively. These two quantities are related via
dv = det(F) dV = J dV (2.10)
where J is the jacobian given by the determinant of F, which, for
invertibility of the motion χ, must satisfy the condition 0 < J <∞.
Introducing equations 2.8 and 2.10 into equation 2.9 and using the
localization theorem1, results in the relation
P0(X) = J P (X, t) (2.11)
which has to be satisfied to guaranty the principle of mass conservation.
Linear and angular momentum conservation, stress tensors
Two other important principles governing the dynamics of a continuum,
are the conservation of linear and angular momentum. Hereafter they
are expressed in the material form:
• Conservation of linear momentum
The time derivative of the linear momentum of a part Π0 of the
body B at a given time t is equal to the resulting force (body forces
1Be f a continuous function defined over Ω. The localization theorem states that
if
R
Ω
f dV = 0, then f = 0.
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Fb plus contact forces Fc) applied to Π0 at the same time t.
d
dt
∫
Π0
P (X, t)V(X, t) dV
=
∫
Π0
P (X, t)B(X, t) dV︸ ︷︷ ︸
Fb
+
∫
∂Π0
T(X, t,N) dA︸ ︷︷ ︸
Fc
∀Π0 ⊆ Ω0 (2.12)
• Conservation of angular momentum
The time derivative of the angular momentum of a part Π0 of the
body B at a given time t is equal to the resulting torque due to the
forces (body and contact) applied to Π0 at the same time t.
d
dt
∫
Π0
P (X, t)X ∧V(X, t) dV
=
∫
Π0
P (X, t)X ∧B(X, t) dV +
∫
∂Π0
X ∧T(X, t,N) dA
∀Π0 ⊆ Ω0 (2.13)
where V(X, t) is the velocity, B(X, t) the body force density per ref-
erence unit volume and T(X, t,N) is a vector force per reference unit
area dA (thus a stress vector), which is function of the vector N, nor-
mally oriented with respect to dA. ∂Π0 represents the boundary of Π0,
where the contact forces apply.
From these two principles, the existence of a stress tensor P(X, t),
called first Piola-Kirchhoff stress tensor can be deduced [20], such that
T(X, t,N) = P(X, t) N (2.14)
This tensor represents a measure of the stress field of each particle of
the body B with respect to the reference configuration. This descriptor
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is however non objective. An objective measure of stress is obtained by
the second Piola-Kirchhoff stress tensor defined as
S(X, t) = F−1(X, t) P(X, t) (2.15)
Note: For a spatial description, the corresponding stress tensor is the
classical Cauchy stress σ which represents the actual force acting on
the deformed configuration. The relation between σ and S is given by
σ = J−1F S FT (2.16)
and inversely
S = J F−1σF−T (2.17)
Thermodynamics of a continuum
Finally, the principles related to the thermodynamics of a continuum
have to be satisfied. It’s about the first and second principles of ther-
modynamics which, in the material description, states:
• First principle of thermodynamics — energy conservation:
The time derivative of total energy (kinetic energy Ekin and in-
ternal energy Eint) in a body B is equal to the sum of the power
of the forces (body and contact) and the rate of heat received by
the material.
If only isothermal processes are considered, energy conservation
writes∫
Ω0
P0
D
Dt
(
V ·V
2
)
dV︸ ︷︷ ︸
D
Dt
Ekin
+
∫
Ω0
P : F˙ dV︸ ︷︷ ︸
D
Dt
Eint
=
body forces power︷ ︸︸ ︷∫
Ω0
P0B ·V dV +
contact forces power︷ ︸︸ ︷∫
∂Ω
T ·V dA (2.18)
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(The notation ‘ : ’ represent the scalar product2 between second
order tensors)
• Second principle of thermodynamics — entropy:
The time derivative of total entropy in a body B is always greater
than or equal to 0.
It is important to note that the internal power, the term DDtEint in 2.18,
can also be rewritten as
P : F˙ = S : E˙ = P0 U˙ (2.19)
where E = 12(C−I) is the Green-Lagrange deformation tensor and U is
a function defining the internal energy density (per reference volume).
Note that the pairs P, F˙ and S, E˙ are conjugate parameters.
2.2.3 Constitutive equations
To describe the mechanical behavior of a material it is then necessary
to find a mathematical expression relating the strains to the stresses.
Such an expression is called constitutive equation (or constitutive law).
Its form is largely based on experimental and morphological observa-
tions; the shape of the curve, obtained in simple (and appropriate)
mechanical tests, tells how the material behaves under certain loading
conditions, shedding light on the type of constitutive equations that
likely best model the mechanical response. Additionally, the micro-
scopic structure of the material generally provides information on the
mechanisms involved during the deformation.
Because a material reacts differently depending on environmental
(or boundary) conditions (e.g., temperature, humidity) and mechanical
loads, a constitutive relation is sought to describe its behaviour under
well-defined conditions.
2A : B =
P3
i,j=1 Aij Bij
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Hyperelesticity
As already stated, the tensile behavior of the PDL can be assumed to
be non-linear elastic when subjected to large (physiological) strains. To
describe such a behavior, it is common to assume the hypothesis of the
existence of an energy potential W(X, t) [97] such that
W(X, t) = P0(X)U(X, t) (2.20)
where U(X, t) is an internal energy density function.
The derivative of this expression with respect to time results in
W˙(X, t) = P0(X) U˙(X, t) (2.19)= P : F˙ (2.21)
Moreover, for a homogeneous material, this potential can also be writ-
ten as function of the deformation gradient 2.3 only
W(X, t) =W(F) (2.22)
with its time derivative given by
W˙(F) = DW(F)
Dt
=
DW(F)
DF
:
DF
Dt
=
∂W(F)
∂F
: F˙ (2.23)
where the operator D(·)/Dt = ∂(·)/∂t + grad(·) · v(x, t) denotes the
material time derivative (v(x, t) being the spatial velocity). Eventually,
the comparison of equations 2.21 and 2.23, results in the first Piola-
Kirchhoff stress tensor written as
P =
∂W(F)
∂F
(2.24)
To be valid, the potential energy function W must satisfy the principle
of objectivity. This is the case if the potential energy can be expressed in
terms of the objective tensor C instead of F. The new energy function
is then Ŵ(C) and is related to P via (see [20])
P = 2F
∂Ŵ(C)
∂C
(2.25)
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By using 2.15, equation 2.25 can be expressed in terms of the objective
second Piola-Kirchhoff stress tensor as
S = 2
∂Ŵ(C)
∂C
(2.26)
In addition to objectivity (i.e., frame independency), to be valid, the
potential energy function must be zero for the reference configuration
(i.e., Ŵ(I) = 0) and must be convex (i.e., Ŵ(C) > 0).
Incompressibility and compressibility
If incompressibility is assumed (hypothesis often imposed for the de-
scription of soft biological tissues, mainly composed of water), there is
no change between the volumes dV before and dv after the motion χ.
Thus. equation 2.10 becomes
J = det(F) = 1 ⇔ I3(C) = 1 (2.27)
where I3(C) is the third invariant of C (see equation 2.29 below for
definition).
For compressibility J > 1.
Isotropy
The form of the strain energy function W also must reflect possible
symmetries of the material. In the simplest case of an isotropic3 ma-
terial, the potential Ŵ can be expressed as a function of the principal
invariants4 Ii or the principal stretches λi of its argument C
Ŵ(C) = W (I1(C), I2(C), I3(C)) = φ(λ1, λ2, λ3) (2.28)
3A material is said to be isotropic if it shows identical mechanical properties in
all testing directions.
4The invariants of a tensor represent, as stretches do, a measure of deformation.
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where the three invariants of C are
I1(C) = tr(C) ≡ λ21 + λ22 + λ23
I2(C) =
1
2
(
(trC)2 − tr(C)2) ≡ λ21λ22 + λ22λ23 + λ23λ21 (2.29)
I3(C) = det(C) ≡ λ21λ22λ23
Thus, equation 2.26 is rewritten as
S = 2
∂W
(
Ii(C)
)
∂C
= 2
(
∂W
∂I1
∂I1
∂C
+
∂W
∂I2
∂I2
∂C
+
∂W
∂I3
∂I3
∂C
)
(2.30)
where
∂I1
∂C
= I,
∂I2
∂C
= I1I−C, ∂I3
∂C
= I3C−1 (2.31)
so that 2.30 becomes
S = 2
(
∂W
∂I1
I +
∂W
∂I2
(I1I−C) + ∂W
∂I3
I3C−1
)
(2.32)
Note that, when incompressibility 2.27 is assumed, 2.32 simplifies to
S = −2pC−1 + 2
(
∂W
∂I1
I +
∂W
∂I2
(I1I−C)
)
(2.33)
where p = −2∂W∂I3 I3 is an hydrostatic pressure-like parameter.
Using equations 2.16 and 2.7 and the tensor property (AB)−1 =
B−1A−1, it is possible also to express the Cauchy stress as
σ = −2pJ−1 I + 2J−1
(
∂W
∂I1
c +
∂W
∂I2
(I1c− c2)
)
(2.34)
2.2.4 The strain energy function W
In the literature a large number of strain energy functions describing the
hyperelastic behavior of materials is available. Neo-Hookean, Mooney-
Rivlin or Ogden strain energy potentials are among the most known
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and used. All of these potentials, however, do not account for material
compressibility.
Experimental results (refer to section 4.4.5), proved the PDL to be
highly compressible. Strain energy potentials allowing for compress-
ibility were thus sought. Hill [56] extended the strain energy function
proposed by Ogden [96] to the compressible case by incorporating in it
the third invariant I3 = J of the deformation gradient
W =
N∑
k=1
2
µk
α2k
[λαk1 + λ
αk
2 + λ
αk
3 − 3 + f(J)] (2.35)
where f(J) is the volumetric function accounting for compressibility.
Storakers [135] suggested that
f(J) =
1
βk
(J−αkβk − 1) (2.36)
In these expressions, N is the order of the potential and µk, αk and βk
are material parameters such that
µ0 =
N∑
i=1
µi and νi =
βi
1 + 2βi
(2.37)
are the initial shear modulus and the Poisson’s ratios, respectively.
2.3 Mechanics of porous media
As already mentioned, there was evidence of the –at least– biphasic
PDL nature, consisting in a solid matrix (made of collagen fibers, blood
vessels and ground substance) and a fluid content (blood, water). In
fact, when subjected to mechanical loading, the soft tissue’s matrix
deformed, letting the fluid content flow through its pores [123].
Such phenomena correspond well to the ones observed in the field
of geomechanics (where soils are considered as deformable matrix sat-
urated with ground water) for which they have been widely described
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and translated into mathematical expression [36,78,79,152]. Two main
theories are still used nowadays for the description of multiphase con-
tinua: (i) the Biot Theory (BT), which find its basics in the fundamen-
tal works by K. von Terzaghi [152]; and (ii) the Theory of Porous Media
(TPM), referring mostly to the works by Fillunger [47]. Although the
two approaches generally lead to similar results [21], the solid–fluid
interactions are modeled in quite different ways. In fact, if for the
first approach balance equations and constitutive laws are given for the
whole (macroscopic) medium, and the coupling between solid and fluid
is guaranteed by introducing an additional material parameter, in the
second approach the porous medium is considered as a mixture of over-
lapping phases occupying the same region of the space simultaneously,
and the solid–fluid interactions are derived from consideration on the
thermodynamics of immiscible mixtures, together with the concept of
volume fractions (see below for details).
In the following, a framework describing the hydro-mechanical cou-
pling based on Darcy’s law (2.3.1), Terzaghi’s concept of effective stress
(section 2.3.2) and on the theory of multiphase mixtures (2.3.3) is pre-
sented.
2.3.1 Darcy’s law
Darcy’s experimental results has been essential for a continuum descrip-
tion of the motion of a liquid through a porous solid. He obtained the
constitutive behavior for pore fluid flow by observing the proportion-
ality between the total volume of water running through a column of
compacted sand and the loss of pressure in the liquid. The relationship
Q = −k A ·∆p
h
(2.38)
was deduced, where Q represents the total volume of fluid percolating
per time unit (i.e., the discharge) through the column of sand of cross-
sectional area A and height h and subjected to a pressure difference
∆p. k is a proportional factor called permeability. The negative sign is
needed because fluid flows from high pressure to low pressure.
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The expression of Darcy’s flux q is obtained by dividing both sides
of equation 2.38 by the area A
q = −k∆p
h
(2.39)
Note that this quantity do not express the velocity vf of the fluid trav-
elling through the pores. In fact, vf is related to q via vf = q/n to
account for the fact that only a fraction of the total volume is available
for flow. The quantity n
n =
Vf
V
(2.40)
is the porosity of the medium, defined as the volume of fluid Vf divided
by the total volume V .
The three-dimentional expression for such a flux, accounting for the
insensitivity to the gravitational pressure drop, is given by
q = −k(∇p− ρfg) (2.41)
where the flux q is now a vector, k is the permeability tensor, ∇p is
the pressure gradient, g the gravity vector and ρf the fluid density.
Similarly, the fluid velocity vector vf is obtained by dividing equation
2.41 by the porosity n.
The permeability k, called absolute permeability, depends on both
fluid (mechanical) and solid (geometrical) properties. In fact, the ease
with which the fluid can flow through the pore space depends on the
porosity n of the solid matrix, on its pore geometry S0 [1/cm] (the
specific area per unit volume of matrix particles) and on the mechanical
properties (the unit weight γ and the viscosity η) of the fluid involved
following the Kozeny-Carman equation [23,166]
k =
γ
η
1
CK−C
1
S20
n3
(1− n)2 (2.42)
where CK−C is the Kozeny-Carman constant.
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Thus, for a highly compressible solid matrix, where porosity and
pores geometry vary with deformation, the permeability also results to
be function of the amount of strain.
2.3.2 Terzaghi’s concept of effective stress
Karl von Terzaghi is considered as one of the fathers of the modern
theory of porous media. The very important concept of effective stress
describing the distribution of stresses in a porous saturated medium is
generally attributed to his work of 1923 [152].
Von Terzaghi stated that the level of pressure of the filling fluid do
not contribute to the overall strength of a porous soil. It is, in fact,
the unique effective stress that governs its deformability and stiffness.
From a physical point of view, the effective stress can be interpreted
as the stress that the grains constituting the solid matrix develop in
their contact points. Summarizing, there are three kind of stresses that
come into play:
• The pore fluid pressure p, an hydrostatic, shear-free stress state
uniformly distributed over the fluid and the solid skeleton.
• The effective stress σ′, the mean stress state only carried by the
solid matrix.
• The total stress σ, the sum of the pore fluid and the effective
stress.
These quantities are then related via
σ′ = σ − pI (2.43)
where σ′ and σ are here expressed, in spatial description, as Cauchy
stress tensors and I is the second-order identity tensor.
Hence, the effective stress σ′ is a fraction of the total stress σ, the
difference being introduced by the hydrostatic pore fluid pressure p.
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2.3.3 Theory of multiphase mixtures
One of the theories developed to describe the mechanical behavior of
a porous medium considers the medium as a multiphase mixture of
superposed deformable continua, simultaneously occupying the same
region of the three-dimentional space [7].
When writing the balance equations for every single phase, interac-
tions between phases are accounted for with additional coupling terms,
drawn by the concepts of phase immiscibility and volume fraction. Par-
ticularly, this latter concept enhance the macroscopic scale character of
this theory, which considers the medium as isotropic, neglecting thus
all the microscopic structural anisotropy.
Balance of mass
The volume fractions occupied by the solid and the fluid phases are
given by
φs = Vs/V
φf = Vf/V
where Vα is the volume of the α-phase (s for solid and f for fluid) and V
is the total volume. In the case of a fully saturated medium, φs = n−1
and φf = n, where n is the porosity.
The expression of the balance of mass for the solid phase in the
eulerian description is written as
Dρs
Dt
+ ρs div vs = 0 (2.44)
where ρs is the partial density of the solid matrix, vs is the solid’s
velocity vector and D(·)/Dt stands for the material time derivative
operator.
Similarly, the mass balance for the fluid phase is given by
Dρf
Dt
+ ρf div vs = −div q (2.45)
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where ρf is the partial density of the fluid phase and q is the eulerian
relative flow of the fluid with respect to the solid. The partial densities
ρα are related to the true densities ρα via
ρα = φαρα (2.46)
Now, the expression of the bulk modulusKα of the α phase (see [79])
Kα = ρα
Dpα
Dρα
(2.47)
where ps and pf are the intrinsic Cauchy pressures of the solid and fluid
phases, respectively, can be rewritten in the form
Dρα
Dt
=
ρα
Kα
Dpα
Dt
(2.48)
and, using 2.46, equations 2.44 and 2.45 take the form
D(n− 1)
Dt
+
n− 1
Ks
Dps
Dt
+ (n− 1) div vs = 0 (2.49)
Dn
Dt
+
n
Kf
Dpf
Dt
+ n div vs = − 1
ρf
div q (2.50)
Finally, by adding these two last equations, the total eulerian mass
balance for the mixture is
1− n
Ks
Dps
Dt
+
n
Kf
Dpf
Dt
+ div vs = −div q (2.51)
Balance of linear momentum
The total Cauchy stress σ, being the sum of the partial stress tensors
σs and σf arising from the solid and fluid phase stresses, respectively,
can be expressed as
σ = σs + σf (2.52)
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By the theory of multiphase mixtures, the balance of the linear
momentum of the two phases is written as (see [79])
divσs + ρsg + hs = ρs
Dvs
Dt
(2.53)
divσf + ρfg + hf = ρf
(
Dvf
Dt
+ (vf − vs) · grad vf
)
(2.54)
where g is the gravity acceleration vector, hα is the body force per unit
current volume of the solid matrix exerted on the α-phase and vα is the
α-phase velocity vector. The term within the parentheses in equation
2.54 represents the material time derivative following the fluid phase
motion.
Adding these two last equations and noticing that hs + hf = 0
since hα are internal forces, the total mixture momentum balance can
be written as
divσ + ρg = ρs
Dvs
Dt
+ ρf
(
Dvf
Dt
+ (vf − vs) · grad vf
)
(2.55)
Introducing then the accelerations as = Dvs/Dt and af = Dvf/Dt
and the total mass density of the mixture ρ = ρs + ρf , the final expres-
sion for equation 2.55 is
divσ + ρg = ρas + ρf (af − as) (2.56)
which, if the difference between the two accelerations is assumed to be
small, becomes
divσ + ρg = ρas (2.57)
2.4 Hydro-mechanical coupling
All of the equations needed for the description of the finite deformation
of a porous saturated medium have been stated in the previous sections.
It only remains to summarize and rephrase them all with respect to a
reference configuration (i.e., using a lagrangian description).
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Equations of mass 2.51 and momentum 2.57 conservation can be
expressed (see [79] for details) in lagrangian description by
1− n
Ks
D(Jps)
Dt
+
n
Kf
D(Jpf )
Dt
+
+
[
1− (n− 1)ps
Ks
− nps
Kf
]
DJ
Dt
= − 1
ρf
DIV Q (2.58)
and
DIV S + Jρg = Jρas (2.59)
respectively, where J is the Jacobian (see equation 2.10), S is the second
Piola-Kirchhoff stress tensor defined in equation 2.17, DIV is the di-
vergence operator evaluated with respect to the reference configuration
and
Q = JF−1 · q (2.60)
is the Piola transform (see [84]) of the flux q given by Darcy’s law 2.41
q = −k(∇p− ρfg)
Finally, the total stress S can be expressed in terms of Terzaghi’s ef-
fective stress and pore pressure 2.43 by
σ′ = σ − pI
J−1FS′FT
(2.16)
= J−1FSFT − p I
S′
(2.6)
= S− J pC−1 (2.61)
where S′ is the effective stress sensed by the solid matrix obtained via
equation 2.32, where the strain energy function W , given by 2.35 and
2.36 is
W =
N∑
k=1
2
µk
α2k
[
λαk1 + λ
αk
2 + λ
αk
3 − 3 +
1
βk
(J−αkβk − 1)
]
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Chapter 3
Materials and Methods
I think that in the discussion of natural problems we ought
to begin not with the Scriptures, but with experiments, and
demonstrations.
Galileo Galilei, 1564–1642
In this chapter, the techniques and methodologies used to study the
structure, the morphology and the mechanical behavior of the peri-
odontium are described.
The motivations justifying the choice of an in-vitro experimental
setup can be found in section 3.1. In section 3.2 the motivations for
the choice of bovine’s tissue, and where and how it was obtained are
exposed. After some common preliminary steps for the specimen ex-
traction (section 3.3), techniques are described for the obtaining of the
suitable specimens for histo-morphological (3.4) and mechanical (3.5)
studies. The description of the devices and of the loading profiles used
in the mechanical testing are reported in sections 3.6 and 3.7, respec-
tively.
3.1 In-vivo versus in-vitro techniques
In-vivo and in-vitro techniques have both their advantages and draw-
backs. In the first case, although allowing for physiological conditions,
in-vivo testing is rarely well suited for the determination of accurate
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constitutive behaviors. Indeed, the generally complex geometry of the
considered system, as well as the difficulties to access to perform mea-
surements on it, are clear hindrances to that end. In the second case,
in-vitro techniques represent the best solution to that kind of problems,
but the physiological environment is usually lost, resulting in possible
artifacts affecting the biomechanical response of the tissue.
The strategy chosen for this work aimed to the combining of the
advantage of both techniques. This was achieved by creating a closed
environment, recreating as close as possible the physiological condi-
tions, where to test the excised in-vitro specimens.
3.2 Selection of tissue
As already mentioned in section 1.2, one of the ultimate long-term goals
of this research is to understand and model the mechanical behavior of
the periodontium to allow thus dentists and orthodontists in planning
optimal strategies for the treatment of pathological situations. For
findings to be immediately used in concrete applications, human tissues,
then, should have been the natural choice for the investigation on the
physiological and mechanical functioning of the PDL. Nevertheless, by
weighting the advantages and disadvantages of using human or animal
specimens, it turned out the latter to be of better convenience.
In fact, in Switzerland, the handling of biological living or post-
mortem tissues for academic or industrial research and development
purposes is ruled mainly by three ordinances 1 collected in the Federal
Law for Environmental Protection (LPE) 2. Due to the possible risk
of transmission of severe diseases when working with human tissue,
this law imposes very strict and time consuming protocols concerning
1OPAM, Ordinance on the Protection against Major Accidents (http://www.
admin.ch/ch/f/rs/c814_012.html); OUC, Ordinance on the Utilization of organ-
isms in Confined environment (http://www.admin.ch/ch/f/rs/c814_912.html);
OPTM, Ordinance on the Protection of Workers against Microorganisms related
risks (http://www.admin.ch/ch/f/rs/c814_312.html)
2http://www.admin.ch/ch/f/rs/c814_01.html
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storage, testing facilities and waste disposal.
Moreover, choosing human tissue would have been more restrictive
in terms of selection of age, sex of the donor and type of tooth. The
amount of tissue would have been also drastically lowered, compared
to the tissue that can easily be obtained by choosing non-human tissue.
Also, when working in in-vitro conditions, the time between the
death of the donor and the testing of its tissues is also an important
issue that must be addressed. It was important to minimize this time as
to prevent severe tissue degradation due to bacterial digestion. By using
human tissues, this time was difficult to control for evident reasons. The
use of animals instead, allowed for much better control.
At last, the knowhow acquired during past works, together with
the already in place facilities for animal specimens extraction of our
laboratory, brought to the final choice of animal specimens to be
used for the experimental testing.
3.2.1 Choice of species
Human tissue having been discarded, it remained to decide which an-
imal species suited at best the requirements of this study. According
to the review given in section 1.4, rats, rabbits, monkeys, pigs and
bovines were the most recurrent species used up to date for in-vivo and
in-vitro experimental works on the PDL. Advantages and disadvantages
in choosing these species are resumed in table 3.1.
In view of the reported positive and negative points, bovine was
retained for this study. One may question the pertinence of taking
cattle teeth into consideration, as cattle are herbivores (whereas hu-
mans are omnivores) and they chew almost continuously throughout
the day on soft grass. Moreover, some of cattle’s teeth are continuously
erupting. That said, the work by Berkovitz [12] proved that no major
physiological differences were present between the periodontium of the
two species.
It should be mentioned at this point, that some restrictive protocols
had to be followed due to safety issues related to the bovine spongiform
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Table 3.1: Advantages and disadvantages for the choice of the species.
Species Advantages Disadvantages
Rat
[26,67,
74]
Most common animal
used for PDL studies;
Ease in their storage and
breeding; Availability
and high control on age
and weight.
Very small and continu-
ously erupting teeth (not
the case for humans);
Specimens extraction,
handling and testing;
Similarity with human
PDL.
Monkey
[101,
102,161]
Species with the most
human-like DNA.
Ethical issues and avail-
ability.
Pig
[38,76,
92]
Human-like PDL; Avail-
ability.
Somewhat small teeth.
Bovine
[105,
125,130]
Very large teeth; Ease in
handling; Availability.
Herbivores; Continuously
erupting; Continuous
chewing; Width of the
PDL twice the human’s.
encephalopathy (BSE, or mad cow disease). In 1996 epidemiologists
suggested that eating BSE-contamined beef could cause a new version
of the Creutzfeld-Jacob disease (a human brain disease). This discovery
was the cause of the introduction of strict safety protocols concerning
bovine tissue handling. If aged of 30 or more months, abattoirs must
keep the skulls of every killed bovine overnight. During this time, tests
on the cattle’s central nervous system are performed to certify that the
animals were not infected by BSE. Only when proof that no suspicious
prions were present in the cows was obtained, the meet could leave
the slaughterhouse for the market. Accordingly, this procedure had to
be respected. Thus, the specimens could not be obtained immediately
after the animal’s death, but only the day after. To slow down tissue
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degradation, however, the entire skulls were left until tissue’s excision
in cold rooms at 0℃.
3.2.2 Choice of animal
Animals aged between 3 and 6 years were chosen.
The upper limit was established according to a veterinarian sugges-
tion, so that the PDL and the teeth were still in good conditions. To
make sure the animal was not older, an easy check based on dentition
was done: mature bovines have, on the lower jaw (see also figure 3.1),
3 pairs of permanent incisors (the central, the middle and the lateral
paris) which completely replace the deciduous (baby) teeth once the
animal approaches 4 years of age. From then on, almost continuous
chewing induces wearing of the incisors, starting from the central to-
wards the lateral ones. The noticeable wearing on the middle incisors
(the second pair) is a clear indicator that the animal reached his 6th year
of age. Thus, selected mandibles should show wearing on the central
incisors at most.
As mentioned above, bovines posses deciduous teeth, which, in their
adult age, are substituted by permanent teeth. Our concern was to test
completely mature bovine’s teeth to ensure steady conditions for all the
specimens. Therefore, depending on the chosen tooth, a different mini-
mal age was required, since permanent incisors erupt from 1.5 (central)
to 4 (lateral pairs) years, whereas permanent molars from 0.5 (for the
1st molar) to 2.5 (for the 3rd molar) years. Excluding the lateral pair
of incisors as possible candidates for this study, as they are too small, a
minimal age of 3 years was required. A good indicator that established
whether the animal reached that age, was the full eruption of its 3rd
molar.
Eventually, in general the mandible should look in good conditions,
not broken and with a healthy dentitions.
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3.2.3 Choice of tooth
Cattle’s upper (maxilla) and lower (mandible) jaws present different
dentition patterns; the maxilla do not show incisors, only appearing in
the mandible in 4 pairs. Beside that, they both show 3 pairs of molars
and 3 pairs of premolars.
According to previous studies [64,123], incisors were discarded and
the mandibular 1st molar was retained as tooth of interest due to
the following reasons.
• Incisors have a really broad PDL and their mobility into the bony
sockets is too wide compared to what observed in humans. More-
over, their roots are short, making difficult the extraction of good
quality samples.
• As is the case for incisors, premolars —which size is comparable
to human’s molars— have short roots. Furthermore, their shape
is not consistent between animals.
• Among the 3 pairs of molars, the first to erupt are the 1st molars.
These teeth in all bovines, except in rare circumstances, have two
well defined roots with no deformities: one distal root (towards
the back of the mouth) and one mesial root (towards the front of
the mouth). This is not the case for the 2nd and the 3rd molars
which can both develop anywhere between two to five different
roots.
• Eventually, the mandible was easily handled, transported and
cleaned from all the surrounding soft tissues than the maxilla.
3.3 Preliminary steps for specimens extraction
Whichever type of specimen (i.e., assigned to histological investigation
or suitable for mechanical testing) had to be extracted, the subsequent
protocol was followed to isolate the 1st lower molars from the rest of
60
3.4. HISTO-MORPHOLOGY
the mandible.
After the mandible was withdrawn from the local slaughterhouse
(Vuillamy-Bell, Cheseaux-sur-Lausanne, Switzerland), the dissection of
the regions of interest (i.e., left and right 1st molar blocks, containing
1st molar teeth and as much as possible surrounding alveolar bone) from
the rest of the mandible was performed. The sequence of the cutting
is shown in figure 3.1.
With the help of a scalpel, the remaining traces of soft tissues (i.e.,
skin, mussels and gingiva) that were still attached to the jaw had to be
removed in the laboratory (E´cole Polytechnique Fe´de´rale de Lausanne
EPFL, LMAF, Switzerland) before cutting.
Using a heavy industrial band saw (Magnum Bs0633, Metabo, Nu¨r-
tingen Germany) a first cut was done between the 1st and 2nd premolar
teeth (cut 1 in figure 3.1) to divide the mandible into left and right
sides.
Further sectioning was done to isolate the molar blocks. In order to
preserve the 1st molar (M1, in figure 3.1) and its surrounding PDL and
alveolar bone, cuts along the long axes of the 2nd molar (cuts 2) and
3rd premolar (cuts 3) were made far from the site of interest to avoid
for unwanted sectioning and excessive heating of the tissues. A 4th cut
was also carried out to reduce the size of the block and to allow for its
comfortable gripping into custom-made chucks for further sectioning.
Finally, the crowns were cut away approximately at the alveolar crest
(cut 5) and discarded.
At this stage, depending on the type of specimen required, the pro-
tocols described in sections 3.4.2 or 3.5.1 were followed.
3.4 Histo-morphology
A basic knowledge of the anatomy and histology of the periodontium
was a prerequisite for a better understanding of the phenomena involved
in its mechanical behavior. Concerning bovine tissue, however, there
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Figure 3.1: Schematic showing upper and lateral views of a bovine mandible. Sequential
cuts 1–5 were performed for the obtaining of the 1st molar block (in the centre). M1–M4:
molars 1–4; P1–P4: premolars 1–4; I1–I3: Incisors 1–3 [64].
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is an almost complete lack of available information, the only study
illustrating structural aspects of bovine PDL being the one by Berkovitz
[12].
Assessment of anatomical and histological aspects affecting the me-
chanical behavior of the PDL was therefore essential.
3.4.1 Some terminology
In anatomy, specific terminology is used to define the positioning of
body parts with respect to some reference point. For the reader to be
able to locate the specimen origin within the mouth [5], the recurrent
terms used along this work and their definitions are reported in table
3.2 (see also figure 3.5).
Table 3.2: Definition of spatial locations.
Term description
Mesial refers to the direction toward the anterior midline
in a dental arch, as opposed to distal. Each tooth
can be described as having a mesial surface
Distal refers to the direction towards the last tooth of a
dental arch, as opposed to mesial. Each tooth can
be described as having a distal surface
Lingual refers to the side of a tooth adjacent to (or toward)
the tongue, as opposed to buccal
Buccal refers to the side of a tooth that is adjacent to (or
toward) the inside of the cheek, as opposed to lin-
gual
Coronal refers to the direction towards the crown of a tooth,
as opposed to apical
Apical refers to the direction towards the root tip(s) of a
tooth, as opposed to coronal
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3.4.2 Specimen preparation for histological
investigation
In performing histological studies, it is of paramount importance that
the selected sample be as fresh as possible. Post-mortem degradation,
in fact, rapidly affects the tissue’s biological aspects that histology is
supposed to reveal.
It was therefore not possible to select the same animals as the
ones chosen for the mechanical testing, due to the compulsory safety
overnight stay of the animal’s skulls at the slaughterhouse (see section
3.2.1). Bovine younger than 30 months, however, were not subjected
to this restrictive norm and could be immediately retrieved after death.
Bovine mandibles of animals aged 2 years were obtained from an-
other local slaughterhouse (Abattoirs de Clerens, Vevey, Switzerland),
placed in ice cooler containers and brought within 30 minutes to the
laboratory for subsequent sectioning. Their age guaranteed that the
1st molar tooth was completely erupted, maximizing thus the simi-
larity with the teeth selected for the mechanical testing (see section
3.2.2). The steps described in section 3.3 were followed to obtain the
preliminary 1st molar blocks from which the samples were subsequently
extracted.
Each molar block was cut with the heavy industrial band saw to
separate the mesial from the distal root. The obtained mesial and distal
blocks were then mounted in a vice and further sectioned in 4 horizontal
mini-blocks (a, b, c and d) of about 1cm thickness each (see figure 3.2).
As they became available, the root sections were immediately dipped in
room temperature fixative solution to stop natural tissue’s degradation.
Further tissue processing was performed in the histology laboratory
of the Department of Periodontology and Prosthodontics, School of
Dental Medicine, University of Bern, Switzerland, where, as described
in [19], two types of specimens were obtained for the histological investi-
gation: the undecalcified ground sections and the decalcified semi-thin
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a
b
c
d
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mesial
Figure 3.2: Schematic illustrating the obtaining of the specimens for histological studies.
After separating the mesial from the distal root (cut Π), four mini-blocks (a, b, c and
d) were cut.
sections.
Undecalcified ground sections
Tissue samples were fixed in 4% buffered formalin for 4 days, rinsed in
running tap water, dehydrated in ascending concentrations of ethanol,
and finally embedded in methylmethacrylate. The embedded tissue
blocks were then horizontally cut into approximately 200µm-thick sec-
tions using a low-speed diamond saw (Varicut® VC-50, Leco, Munich,
Germany). For the analyses, 4 sections per root, each one coming
from a different root level, that did not include undesired artifacts as
presence of enamel (most coronal sections) or too much irregular struc-
tures (most apical sections), were selected. Care was taken in selecting
sections which were at about equal distance from one another. The
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sections were grounded to a final thickness of about 100µm, polished
(Knot-Rotor-3, Struers, Rodovre–Copenhagen, Denmark) and surface
stained with toluidine blue–McNeal after they had been mounted onto
opaque (or transparent if assigned for the polarized light microscopy
observation) acrylic glass slabs.
Decalcified semi-thin sections
Tissue samples were fixed for 72 hours in 1% glutaraldehyde and 1%
(para)formaldheyde, buffered with 0.08M sodium cacodylate (pH 7.4).
Following a brief wash in 0.1M sodium cacodylate buffer with 5%
sucrose (pH 7.4), the tissue samples were exposed to a decalcifying
solution containing 4.13% disodium ethylenediamine tetraacetic acid
(EDTA). Decalcification was performed at 4℃ for 3 months. The solu-
tion was changed twice a week and continuously stirred.
The bloks were then sectioned with a razor blade into approximately
50 slices per tooth in a corono-apical and bucco-lingual direction. Fol-
lowing extensive washes in buffer solution, 10 slices were processed for
tissue maceration in 10% NaOH solution, under constant 4 days last-
ing stirring (the solution was daily changed) and at room temperature.
This procedure removed cells and non-collageneous extracellular ma-
trix constituents but preserved collagen structure and position [77,81].
Both macerated and non-macerated slices were dehydrated in increas-
ing concentration of ethanol and embedded in LR white resin (Fluka,
Buchs, Switzerland).
Semi-thin sections of 1µm thickness were prepared using glass and
diamond knives (Diatome, Buchs, Switzerland) on a Reichter Ultracut
E microtome (Leica Microsystems, Glattbrugg, Switzerland), stained
with toluidine blue and observed in a Leica Dialux 22 EB microscope.
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3.4.3 Histometric measurements
Blood vessels
The histological slides were analyzed in a light microscope (AX70,
Olympus Corporation, Japan) at 10X magnification. All around the
roots and for all the root levels (a, b, c, d), a set of pictures (depending
on the width and morphology of the PDL) was taken in digital format
(640 x 512 pixels) to cover the PDL region. Overlapping pictures of the
total PDL surface were produced. Using a commercial imaging soft-
ware (Adobe™ Photoshop™, Adobe Systems Incorporated, USA), the
images obtained were then assembled to picture the entire contour of
the PDL (refer to figure 4.1 on page 98).
Next, all visible blood vessels (no less than 6 pixel in diameter) were
filled with a white background color to allow their detection in the sub-
sequent automated steps. The resulting images with white-filled blood
vessels were then processed with a custom-made routine (LabView,
National Instruments, USA). After the operator had manually selected
the PDL area between the alveolar bone and the root surface as the
region of interest (ROI), using threshold-based routines, the software
calculated both ROI’s and total blood vessels surfaces. With the aid
of a standard gauge, the program eventually provided the PDL and
the blood vessel areas in mm2, the blood vessel area fraction (percent
of blood vessel total surface vs. PDL surface), the number of blood
vessels contained in the ROI and their numerical density (number of
blood vessels / PDL area [mm-2]).
Eventually, the diameters of all the blood vessels were measured.
Since the cross-sections of the blood vessels did not often appeared as
perfectly circular, but mostly as elliptical (due to the fact that many
blood vessels were not exactly normally oriented with respect to the
transverse cut), it was decided to consider the ellipses short axes as the
real blood vessels diameter.
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PDL width
The PDL width was assessed for each root level (a, b, c, d). Using
the graphics software, a line was drawn through the central zone of
the periodontal ligament. The PDL total surface calculated during the
blood vessel measurements was then divided by the line length to yield
the PDL width.
Bone- and cementum-PDL interfaces
It has been noticed [19, 123] that the bone-PDL interface is usually
much more tortuous than the PDL-cementum one. To measure and
quantify this winding, the fractal dimensions of both interfaces was
assessed [18, 66]. Briefly, the real length L of a curved segment can be
considered as
L = lim
→0
L() (3.1)
where L() is the measured length of the curve obtained with the mea-
suring gauge . L() can be thus experimentally determined by fitting
a series of measuring gauges along the curve
L() = N() (3.2)
where N() is the number of times that the unit  fits into the curve.
It has been empirically determined [18] that the number N() de-
pends on  via the exponential relationship
N() = K−D (3.3)
where K and D are constants dependent on the line’s morphology.
In particular D is referred to as the fractal dimension of the curve.
Its value is bounded between 1 and 2, the lower limit representing
smoothness and the upper limit severe roughness, and can be assessed
in the following way:
By injecting the equation 3.3 in 3.2, the measured length L() can
be expressed as
L() = K1−D (3.4)
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which, on a log-log scale, can be rewritten
logL() = logK + (1−D) log() (3.5)
so that 1−D is given by the slope of the fitting line of the plot of L()
versus  on log-log axes.
In the present study  was taken equal to 1, 1/3, 1/9 and 1/27.
These unit gauges were manually fitted to the intricacies of the bone
and cementum boundaries. The number of times N() that the gauge
fitted the curve was recorded. The scalar dimension D could then be
evaluated from the log-log plots of L() versus .
3.5 Specimen preparation for mechanical test-
ing
Two kinds of periodontal specimens, with different geometries, were
extracted to allow for mechanical testing at various loading configura-
tions. Flat and cylindrical uniaxial specimens (figure 3.3(a) and 3.3(b),
respectively) were extracted following the protocols reported in section
3.5.1. The required labeling, cementing and gauging are presented in
sections 3.5.2, 3.5.3 and 3.5.4, respectively.
3.5.1 Extracting specimens
Cutting of flat specimens
After the obtaining of the 1st molar block (see section 3.3), transverse
sections (i.e., slices perpendicular to the tooth long axis, see also figure
1.6b) were cut with the aid of a custom-made chuck grafted onto a
precision cutting system (Exakt, Germany). The use of a 0.3 mm di-
amond coated band saw and of a positioning system with a resolution
of ±20µm, ensured a precise control of the thickness of the sections,
which werecut at low feed force (50g) under abundant normal saline
solution (9% g/l NaCl de-ionized water) irrigation.
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Figure 3.3: Schematics of the two specimen geometries; flat (a) and cylindrical (b)
specimens. l ≈ 8mm: total length; lbone ≈ 3mm: length of bone part; lcem ≈ 2mm:
length of cemento-dentin part; t ≈ 2mm: thickness; b ≈ 5mm: breadth; d ≈ 6mm:
diameter.
Initial cuts were made in order to find where the 1st molar split
into the two distinct mesial and distal roots. Starting from this point
—called the apex— down, cuts were regularly placed every 2mm; the
resulting 5 to 6 useful sections were labeled, gauged and stored at -21℃
until the day of testing.
The methodology developed in this work was such that all the spec-
imens underwent to a unique freezing-thawing process at most before
mechanical testing. Storage, in fact, is a crucial step in preparing bio-
logical in-vitro samples as multiple freezing-thawing cycles are known
to reduce the mechanical properties of the excised tissues [116].
Note: Cutting transverse sections was a time consuming task and ap-
proximately 2 hours were needed to complete the sectioning of one
tooth. Thus, while a block was being processed, the other one was kept
into saline solution at 5℃to minimize tissue degradation.
On the day of mechanical testing, the previously frozen transverse
sections were thawed at room temperature, photographed and fixed
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onto a custom-made shape guide mounted on the precision band saw.
Before proceeding to ulterior cutting the best locations for the flat spec-
imens to be extracted from were selected on the basis of the following
criteria:
• The specimen had to contain all of the three tissues involved in
dental mobility (i.e., alveolar bone, PDL and dentin), the bone
and dentin parts allowing for the gripping of the specimen to the
testing machine.
• The layer of PDL within the extracted specimen had to be as pla-
nar as possible and perpendicular to the long axis of the specimen
itself.
These two criteria implied that the flat specimens could not be ex-
tracted from the region within the two roots, where the PDL presented
highly irregular shape and the alveolar process was too porous to al-
low for an appropriate gripping of the specimen. Furthermore, due to
geometrical constraints, a breadth of at most b = 5mm was obtained.
Figure 3.4 shows the resulting candidate sites for the extraction and
their corresponding labels (see section 3.5.2).
Depending on the sample, 4 to 6 flat specimens were extracted
from each transverse section. As it became available, each specimen
was labeled, placed in a saline filled vial and stored at 5℃ until testing.
Cutting of cylindrical specimens
After that the crown was discarded (above level A in figure 3.5), the 1st
molar block was taken off the chuck and its upper surface, showing the
distal and mesial roots, drawn in a schematic sketch for the planning
of the ideal extraction sites.
As in the case of the flat specimens, the cylindrical ones had to fulfill
the same criteria for PDL layer (i.e., planar and normally oriented to the
specimen’s vertical axis). Guaranteeing such requirements for this kind
of specimen was, however, more complicated, since for the extraction
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Figure 3.4: Ideal extraction sites, with corresponding label, for the flat specimens shown
on a transverse section. m: mesial; d: distal; l: lingual; b: buccal.
the use of a drilling machine equipped with a trephine was needed. This
tool, together with the morphology of the molar’s roots, prevented, in
fact, the operator for a visual control at the extraction site. Thus,
only a comprehensive understanding of the roots morphology, together
with accumulated experience, allowed for the obtaining of pertinent
cylindrical specimens.
The molar block was held in place under the trephine by a vice
allowing for the adjustment of five degrees of freedom (tree rotations
and two translations in the horizontal plane). A steel wire (of 0.5mm in
diameter) was then inserted into the pulp of the root of interest, giving
a good indication on how the root was oriented into the bone. By
adjusting the vice, then, the sample was accurately positioned so that
the PDL was perpendicularly oriented to the trephine. Eventually, the
specimen was extracted by moving the cutting tool downwards, with a
fast and delicate jerky movement and under abundant saline irrigation.
Once the cylinder made of bone, PDL and dentin was obtained, its
extremities were made planar and nearly perpendicular to the specimen
long axis to allow for further cementing to the gripping system (sections
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Figure 3.5: Schematic illustrating the extraction of cylindrical specimens. Specimens
coming from distal root, buccal region, level I (dbI) and mesial root, mesial region, level
II (mmII) are shown.
3.5.3 and 3.6).
A maximum of 6 cylindrical specimens, coming from the same lo-
cations than the flat ones (i.e., mb, mm, ml, dl, dd and db), were
extracted from a first root depth level. The molar block was then put
back onto the band saw and the already drilled part was discarded.
Owing to the size of the extracting tool (of 6mm internal and 8mm ex-
ternal diameters), a maximum of two depth levels could be selected for
specimens extraction. Depending on the sample, the same procedure
was followed for the extraction of specimens from a second root depth
level (between levels B and C in figure 3.5).
As it became available, each specimen was labeled (section 3.5.2),
placed in hermetic vial and stored at -21℃ until the day of testing.
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3.5.2 Labeling
Each animal was named by a capital letter (e.g., A, B, C, . . . ). The
letters L or R were added after the animal’s name as to distinguish
left from right molar (e.g., AL, AR). The following lower-case letters
identified the root where the specimen came from —mesial (m) or dis-
tal (d) root— and its spatial location —mesial (m), distal (d), buccal
(b) or lingual (l)— respectively (e.g., ALmb). Finally, roman num-
bers I to VI (to II in the case of cylindrical specimens) indicated the
depth (from coronal to apical) from which the specimen was extracted
(e.g., ALmbII).
3.5.3 Cementing
Cylindrical specimens, as opposed to the flat ones, which were mechani-
cally clamped with some chucks, had to be glued to the gripping system
designed for the mechanical tests (see section 3.6.2). This choice was
made owing the testing conditions applied to this new specimen geome-
try. It was important in fact, to be able to seal the specimens from the
surrounding environment by means of a thin-walled tubular rubbery
membrane.
To glue the two hard tissues (i.e., bone and dentin) to the stain-
less steel specimen holders, a dental cement (Panavia™ F2.0, Kuraray
Medical Incorporated, Japan) used for cementation of metal crowns
and bridges was selected. This cement allowed for a really short curing
time (3min) in a humid environment, very important conditions for the
preservation of the mechanical properties of the PDL. Preliminary tests
were also carried out to verify that this cement sustained the maximal
stresses encountered during the tearing of the specimens.
On the day of testing, the cylindrical specimens were taken out
of the refrigerator and left thawing at room temperature in normal
saline solution, while the specimen holders were cleaned in an ultrasonic
bath. Two rubbery o-rings and the tubular membrane were lodged into
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Figure 3.6: Cementing of cylindrical specimen on the specimen holders.
appropriate toroidal grooves machined onto the holders (see figure 3.6),
while the tubular membrane was rolled up and wedged into its holding
groove.
Before cementing, all the gluing interfaces (metal, bone and dentin)
were treated, as specified by the cement’s manufacturer, to improve
bonding strength. A thin layer of cement was sufficient to ensure the
gluing, which occurred after oxygen-free polymerization induced by an
oxygen-blocking paste smeared above the cement. A custom made ce-
menting gauge was used to guarantee the axial alignment of the speci-
men with the holders.
Once the curing was complete (in about 3 minutes), the holder-
specimen-holder system, ready for gauging, was placed into a saline
filled vial.
3.5.4 Gauging
Owing to variability within specimens, the PDL’s width w0 was mea-
sured for every specimen, to provide for an accurate estimation of the
stretch ratio λ during the mechanical tests.
Flat specimens
Immediately after the cutting of the transverse sections, pictures of the
whole PDL contour were taken at magnification 5X with an optical
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microscope (Olympus AX70, Olympus Corporation, Japan). To cover
all the perimeter, a series of overlapping pictures was taken and assem-
bled afterwards with an imaging software (Adobe™ Photoshop™, Adobe
Systems Incorporated, USA) as shown in figure 3.4.
PDL
bone
cementum
w
0
,1
w
0
,2
w
0
,i
Figure 3.7: Measuring the PDL width.
Several measures of the PDL’s width w0,i were then recorded from
the selected sites (see figure 3.7) at equidistant intervals (∼0.25mm) on
a 5mm breadth. The average value w0 was retained as the specimen
PDL width.
After the flat specimens were cut out of the transverse sections,
their external dimensions (breadth b, thickness t and length l, see figure
3.3(a)) were measured for the further calculation of stresses.
Cylindrical specimens
To guarantee good contour covering, images were taken each ∼30 de-
grees around the cylindrical specimen. Measurements (w0,i) were made
at ∼0.25mm intervals on every picture and the total mean (w0) was
calculated.
The diameter d and lengths lbone and lcem of the specimen (figure
3.3(b)) were also measured.
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3.6 Testing devices
All of the mechanical tests performed in this study were carried out
with the use of a commercial testing machine (Microtester 5848, In-
stron, Massachusetts, USA). With its characteristics (see appendix A
for details), this machine was among the best commercial system for
the purpose of soft biological tissues testing. High displacement reso-
lution and very low force detection were the main assets of the Instron
Microtester.
3.6.1 Flat specimens testing chamber
The flat specimens were tested with the facilities designed in the pre-
vious work by Sanctuary [123].
Briefly, the clamps of a custom-made gripping system were closed
over the bone and dentin extremities of the flat specimens, leaving
the PDL visible for observation. A saline bath was then raised to
completely submerge the specimen.
3.6.2 Cylindrical specimens testing chamber
One of the main challenge in this work was the designing and the tuning
of the device allowing for the testing of the periodontium in a controlled
pressure chamber, the scope being the approaching of in-vivo–like con-
ditions (multiaxial loading), by nevertheless keeping all the advantages
of the in-vitro techniques.
Multiaxial loading of cylindrical specimens was obtained by apply-
ing simultaneously axial loading and lateral confinement. Such a test-
ing configuration is often encountered in the field of geomechaincs were
cylindrical soil specimens are extracted form the ground, wrapped in a
tubular rubbery membrane (holding their watery content) and placed
into a pressurized loading chamber. For the monitoring of the stress,
a load cell is placed either outside or inside the pressurized chamber.
Displacements are either recorded by the use of a linear variable differ-
ential transformer (LVDT), by optical methods or by strain gauges. In
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addition, both specimen extremities are usually in contact with highly
porous plates, usually connected to sensors measuring pressure and vol-
ume changes, allowing for the pore water to drain free during loading.
The major differences between these systems and the one designed
here, resided in the geometrical dimensions and in the magnitude of the
recorded quantities. Periodontal specimens dimensions were of about
ten millimeters, and maximal loads of about a hundred Newtons, which
were roughly a tenth and a hundredth of the typical dimensions and
loads, respectively, encountered for the soil specimens.
The determination of the maximal pressure that the chamber had
to face, was based on the following considerations. The masseter, the
principal muscle involved in the masticatory process, is known as one
of the strongest muscle in the body. Maximal biting force in human
molars can thus reach peaks values as high as 1kN [46] (corresponding to
30MPa pressure on it’s surface). However, depending on the foodstuff,
physiological loadings are reported to be in the order of 100N [34],
whereas orthodontic loadings range rather in the order of 1N [39].
Preliminary tests performed under the conditions specified in the
following section (3.7), allowed for the determination of an average
maximal uniaxial compressive load of -30N. The pressure chamber was
then designed to be able to bear the equivalent pressure increase by a
safety factor of 3.5, for a total of 4MPa.
The sketch in figure 3.8 shows the main technical aspects of the
designed pressure chamber:
• Slender actuator bar (part 1 in the figure), allowing for the cham-
ber cap to be raised enough to permit loading and handling of
the specimen.
• Dynamic sealing joint (2), guaranteeing water tightness during
high pressure dynamic tests.
• Air/Saline/Pressure in- and outlets (3,4,5), for the complete fill-
ing of the chamber with (pressurized) saline.
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dynamic sealing
joint (2)
upper spec. holder
proximity bearing (8)
lower spec. holder
sub. load cell (10)
air outlet (3)
control viewport (9)
specimen location
saline pressure
inlet (5)
saline inlet/outlet (4)
slender actuator bar (1)
to the base beam
saline
PMMA
Ø 80mm
upper grip (6)
lower grip (7)
Figure 3.8: Design of the custom made pressure chamber (see text for explanation).
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• Upper/Lower grips (6,7), where to tight the holder-specimen-hol-
der system obtained after the cementing of the specimen (see
figure 3.6).
• Proximity bearing (8), ensuring the pure axial loading of the spec-
imen.
• Control viewport (9), for the visual monitoring and measuring of
the specimen during the tests.
• Submersible load cell (10), to avoid recording of unstable parasite
loads due to the dynamic sealing joint friction.
The proximity bearing (part 8) was introduced to prevent lateral
bending of the slender actuator bar (part 1). This slight bending was,
for time to time, generated during the compressive phase of the tests
by the irregular morphology of the bone-PDL and/or cementum-PDL
interfaces, which were occasionally slightly tilted with respect to the
horizontal plane.
Visual monitoring of the specimen during the loading was ensured
by 4 viewports (9) machined in the stainless steal chamber cap, where
was lodged a transparent (PMMA) tube.
In the design of this pressure chamber, no possibility of controlling
nor monitoring the pore water pressure was integrated. This aspect
could be improved in further studies.
Compared to other possible designs (e.g., confinement of the spec-
imen by a metal (porous) jacket), the solution adopted herein proved
to be more flexible in the sense that allowed for the generation of a
wide range of multiaxial loading paths. Also, the hydraulic resistance
exercised by the surrounding fluid present in physiological conditions,
as well as the fluid flows that could rise within the periodontium during
mechanical loadings, were accounted for with this design. Eventually,
parasite frictions between the confining system and the specimen was
avoided.
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The pressure pump
A commercial electromechanical pump (200cc/2MPa ADVDPC, GDS
Instrument Ltd., UK) especially designed for geomechanical testing was
chosen to control the pressure of the testing chamber.
The major concern for this choice was the ability of the pump
to compensate for dynamic volume changes, induced by the up-down
movement of the actuator bar (part 1) of the chamber room. The pump
could make up for this inconvenience thanks to an integrated feedback
control. Considering the worst case (incompressible specimen, maximal
extension and speed), the highest volume change rate to compensate
was in the order of 15mm3/s, which was largely below the pump capa-
bility (see appendix B).
The pump was filled with saline, which was pressurized by a piston
moving in a cylinder and actuated by an electric step motor. The
maximal reachable pressure (2MPa) well suited our requirements.
The load cell
The choice to use a submersible load cell (SLC), which could be dipped
into the saline bath, was made after having experienced the difficulties
in eliminating parasite loads introduced by the dynamic sealing joint’s
friction, which were sensed by the transducer when placed outside the
pressurized chamber.
The sensitivity of the SLC to the environmental pressure was then
evaluated. Figure 3.9 shows in fact that the recorded load FSLC was de-
pendent on the chamber pressure level p. However, pressurizing cycles
between 0.0 and 1.0MPa (with pressure steps of 0.25MPa) showed the
extremely high repeatability of this response and the absence of hys-
teresis. The induced load offset FSLC(p) could thus be easily subtracted
from the recorded data, before their analysis.
Other technical specifications of the load cell can be found in ap-
pendix C.
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Figure 3.9: Sensitivity of the submersible load cell to environmental pressure. Mean
curves obtained for increasing (solid) and decreasing (dotted line) pressures are shown
with standard deviation bars.
3.7 Testing profiles
In this section are described the different loading profiles to which the
two types of specimens were subjected.
As already mentioned, one of the goal of this work was the testing
of in-vitro periodontal specimens in as much as possible in-vivo–like
conditions.
Question raised then about what are the physiological conditions for
the periodontium. Evidently, mastication is one of the natural loadings
of this system. In humans, chewing pattern has been idealized to be
of teardrop shape, with frequencies spanning form 49 to 120 cycles per
minute [119]. Furthermore, experimental evidence [130] that the linear
part (see figure 1.7) of the mechanical response of the PDL extends
between λ = 1.4 to λ = 1.6, suggested the PDL to be able to sus-
tain, without damage, a deformation corresponding to the ±35% of its
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resting width w0.
The vast majority of the mechanical tests performed in this work
were thus carried out under the following general loading conditions:
• cyclic sinusoidal wave (simplifying the teardrop shape)
• 1Hz frequency.
• amplitude of ±35% of the resting PDL’s width w0
• 100% saline saturated environment
• room temperature.
Note: If not otherwise specified, these conditions were used in all tests
and are identified in this text as normal loading profile.
In opposition to what has been done in the majority of the past stud-
ies on the PDL mechanical response, where attention was focussed on its
tensile monotonic behavior (e.g., maximal tangent modulus, strength
and strain at rupture, failure energy) [25, 71, 82, 105], major effort in
this work was addressed to the cyclic tensile-compressive behavior, with
special care to the compressive part of the response. In fact, as a con-
sequence of its confinement in the alveolar socket, in the in-vivo dis-
placement of a tooth, tension of the PDL at one side of the root leads
inevitably to compression on the opposite side [130].
Moreover, sinusoidal strain histories probably provide the most com-
plete input tests to characterize the PDL, both theoretically and exper-
imentally, because they include other tests (such as relaxation) while
being infinitely smooth in time and hence well-applicable [65]. Sinu-
soidal oscillations, scanning a frequency-spectrum, also provide more
insight into the time dependent behavior of the mechanical response of
the PDL.
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3.7.1 Zeroing
A fundamental problem in testing in-vitro soft tissue specimens is rep-
resented by the definition of their resting (or zero) state, i.e., which
geometrical configuration represents the zero displacement, thus zero
load. Indeed, when pulling a soft tissue, its tensile response generally
begins with a more or less large zero region (see figure 3.10), where no
load response is recorded for a wide range of displacements. Only after
a certain amount of stretch the collagen fibers start to align along a
preferential direction (the loading one) and to bear a measurable load;
this stage is known as the toe region and its beginning is usually defined
as the resting state.
Results presented in this manner can be, however, misleading, espe-
cially when the specimen is to be tested both in tension and compres-
sion; in fact the resting configuration should be the one that separates
the tissue’s tensile from its compressive state.
It is well known that many soft tissues are in a pre-stressed state
when they are in their physiological configuration; in fact, by excising
specimens from such tissues, their dimensions reduce to reach a free
stress state. For tissues like blood vessels [61], skin [150] or mesentery
[49] however, the specimens dimensions can be easily recorded before
excision, so that the physiological dimensions can be recovered and the
physiological zero state be retrieved for the in-vitro specimens.
In the case of the extraction of PDL cylindrical specimens, such
a procedure could not be used because of the impossibility to mea-
sure its physiological dimensions before the extraction. As a result,
the methodology developed by Sanctuary [125] to define the zero state
was adopted, so that all the specimens were into a common geometri-
cal configuration prior testing. Figure 3.10 graphically shows how the
zero state was established for each specimen after its mounting in the
testing machine. Briefly, the position d0 displayed by the displacement
sensor after the specimen had been tightened to the loading machine
was recorded. The specimen was then slowly pulled in tension to a load
of +5N, and the corresponding displacement recorded as dt. The load
84
3.7. TESTING PROFILES
-10
-5
0
5
10
d
c
d
td0
 
 
lo
ad
 [N
]
displacement [mm]
Zeroing
d'
0
ze
ro
to
e
lin
ea
r
Figure 3.10: Defining the zero state of a PDL specimen for a tensile-compressive loading.
A zero region followed by toe and linear regions are typical for soft tissue’s tensile
mechanical responses.
of -5N was subsequently reached by gently compress the specimen and
the corresponding dc annotated. The zero position d′0 was defined as
the middle point between dc and dt and determined by
d′0 =
dt + dc
2
(3.6)
3.7.2 Mechanical testing of flat specimens
Flat specimens were basically used to determine the dependance of
the mechanical response of the periodontium on animal, tooth side,
root, location and depth. Such investigation required a large number
of specimens on which statistical analyses could be performed. It was
necessary then to generate the largest specimen population relatively
easily, and the methodology used to extract flat specimens (exposed in
section 3.5.1) suited at best this purpose.
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Preconditioning
As mentioned in section 1.5.1, to reach a steady response when cycli-
cally tested, the tissues needed to be subjected to a certain number of
cycles (see figure 1.8c on page 21) [50]. This characteristic was taken
into consideration and the initial cycles of the sinusoidal tests (see be-
low) were always discarded from any analysis of data.
Sinusoidal tests
Each specimen was subjected to a sinusoidal testing profile, involving 16
separate harmonic oscillations of 30 cycles each, at frequencies varying
from 0.2 to 3Hz, with 0.2Hz increments, and at 4Hz.
Although several harmonic oscillations were recorded to obtain in-
formation on the mechanical response of the ligament at different strain
rate excitations, the larger part of the results presented in this work
was based on the analysis of the data obtained for the 1.0Hz sinusoidal
loading.
Relaxation tests
Relaxation tests, besides enhancing viscoelastic characteristics of the
PDL, allowed to check for the integrity of the tissue’s mechanical prop-
erties after successive harmonic oscillations. Intermediate tensile and
compressive step-relaxation strain tests were carried out at ±35% of w0.
Relaxation tests in tension were performed three times during the si-
nusoidal cycling: at the very beginning of the test, between the 2.0 and
the 2.2Hz sinusoidal displacements, and at the end of the test. Com-
pressive relaxations were instead performed twice: between the 1.0 and
the 1.2Hz, and between the 3.0 and the 4.0Hz sinusoidal displacements.
The ligament was subjected to a rapid (3mm/s) strain step and held
in this position until the its complete relaxation. The zero state was
recovered afterwards.
Comparison of the sequential relaxation responses permitted to ver-
ify whether or not the tissue underwent significant damage.
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3.7.3 Mechanical testing of cylindrical specimens
Cylindrical specimens were tested in a closed environment. The overall
aim was to generate multiaxial loading conditions by simultaneously
applying axial loading and lateral confining pressure to the specimens.
To achieve this task, several preliminary tests have been made to
validate the pertinence of the testing methodology. These tests showed
that comparing the responses of a set of specimens tested in certain con-
ditions with another set of specimens tested in other conditions, would
have made no sense because of the great variability of the mechanical
responses observed between specimens tested in same conditions. This
variability was due to factors such as the so-called bio-variability, ac-
counting for bio- and morpho-logical inter-specimen differences, as well
as to gauging and zeroing uncertainties. To establish the influence of
a factor on the mechanical response of the periodontium, this factor
was varied along the testing of each specimen for a set of, in general, 5
samples. For each specimen then, the variation of parameters describ-
ing the mechanical response was assessed as percent difference between
the different testing conditions. The mean and standard deviation of
the percent differences were then calculated for the set of samples. Due
to the need of performing such such an intra-specimen analysis then,
the experiments on cylindrical specimens required fairly long testing
sequences.
Cylindrical specimens were tested in various loading and environ-
mental conditions, allowing for the assessment of some of the charac-
teristic mechanical features of the periodontium. Efforts were focussed
on phenomena such as preconditioning, loading rate effects, compress-
ibility and fluid phase contribution to the mechanical response.
Note: Not to affect the results, once the specimen was loaded in the
testing device, it was removed only after the testing sequence was com-
pleted.
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Long lasting cycling
To make sure that the tissue did not suffer any fatigue structural dam-
age during long lasting tests, 2000 normal loading profile cycles (cor-
responding to 34min) were performed.
Non-mechanical degradation
Tissue’s degradation due to non-mechanical phenomena (e.g., natural
post-mortem biological degradation) was assessed to evaluate its con-
tribution to the possible variation of the PDL’s mechanical response
during long lasting testing. To this end, three sets of 40 normal load-
ing profile cycles were performed at time intervals corresponding to the
maximal testing duration of 30min. Evident changes in the mechanical
response would have been a sign of tissue’s degradation.
Effects of loading frequency
As it was for flat specimens, tests establishing for loading rate depen-
dancy of the mechanical response were carried out for the cylindrical
specimens.
After being preconditioned at 1.5Hz sinusoidal displacement (1000
cycles), load responses were recorded at the 100th cycles of each load-
ing frequency f = 1.5, 1.0, 0.5 and 0.1Hz. The downward stepping
frequency was the result of the two following considerations: first, the
high frequency preconditioning allowed for the shorter time for this
stage to be completed; second, chances of damage are likely to occur
after long lasting cycling and at high frequencies. This problem was
avoided by choosing to begin the test with the 1.5Hz and stepping back
to the 0.1Hz excitation.
Optical monitoring and measurements
The custom-made pressure chamber designed for the testing of the
cylindrical specimens present 4 see-through control viewports (see fig-
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ure 3.8, part 9), allowing for visual feedback during testing. Important
phenomena, as fluid exchanges, could thus be observed and recorded
with the aid of a standard commercial digital camera (NV-DS990EG,
Panasonic, Japan).
The lateral deformation of the PDL layer was also tracked via the
recorded images. Synchronization with the axial displacement allowed
the for the evaluation of an apparent tissue’s Poisson’s ratio.
Porosity of the PDL
The amount of pore volume within the PDL was assessed by weighting
a blotting paper before (W drypaper) and after (Wwetpaper) it was used to blot
the fluid content out of the PDL. The porosity nPDL was calculated
via the relation
nPDL =
Vpores
V0
=
(Wwetpaper −W drypaper)/ρH2O
V0
(3.7)
where V0 is the volume of the PDL in its zero state (specimen’s cross
sectional area × w0) and ρH2O is the specific weight of water.
For the blotting procedure to be consistent among specimens, the
samples were compressed with a force of -50N. The fluid spurting out
of the specimen was then collected by the blotting paper, which was
immediately weighted with a precision balance (PL200, Mettler-Toledo
Inc., USA).
Permeability of the periodontium
Cylindrical specimens were also used to determine the permeability of
the periodontal tissues.
Due to its structure however, the permeability of the PDL could not
directly be measured and was left as parameter to be identified with a
numerical model (refer to section 5.2).
Concerning the two hard tissues, disks of bone and cementum were
obtained from cylindrical specimens by cutting the PDL layer with a
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surgical knife. The two parts were subsequently reduced to ∼2mm thick
cylinders by using the precision band saw. Attention was paid to that
the original interface with the PDL was kept as one of the bases of the
disk (see figure 3.11a).
Each disk was then loaded in the custom-made device shown in
figure 3.11b, and a constant saline pressure gradient ∆P was applied
interface with PDL
bone or cementum
(a)
pressure inlet
sealing joint
specimen
sealing joint
Ø 4mm
(b)
Figure 3.11: Specimen (a) and device (b) used for the determination of bone and dentin
permeabilities.
to it via the pressure pump. By measuring the volume of saline Vsal
flowing through the specimen during a specific time ∆t, the fluid flux
Q (units of [m
3
s ]) was determined as
Q =
Vsal
∆t
(3.8)
The absolute permeability k
[
m4
Ns ] was then obtained from Darcy’s law
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(see also section 2.3.1, page 47)
Q = k
A ·∆P
h
(3.9)
where A = 2pi(d/2)2 and h were the active area (d = 4mm) and the
height of the specimen, respectively.
Finally, the hydraulic conductivity ks (ms ), related to k via the
specific weight γw of the wetting fluid (γw = 9965[ Nm3 ] for water at
room temperature), was obtained by
ks = k · γw (3.10)
Matrix and fluid contributions
A testing protocol was established to determine to what extent the fluid
content contributed to the mechanical response of the periodontium.
Each specimen was tested with normal loading profiles in two dif-
ferent humidity conditions:
• Saturated : the specimen was entirely submerged in the saline
bath during the cycling.
• Blotted : the saline bath was kept just below the specimen, the
fluid content of which was blotted up (see below), prior sinusoidal
testing.
After being tightened to the upper and lower grips (refer to figure
3.8) and zeroed, the specimen was subjected to a first relaxation test
(rel01) prior any preconditioning. The saline solution was subsequently
raised to fill up the chamber and the saturated test was executed with
a 1000 normal loading cycles. At the end of this step, a second re-
laxation test (rel02) was performed only after the saline bath had been
evacuated.
The chamber was opened and the PDL specimen was emptied of its
fluid content. To make sure that the blotting procedure was consistent
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along all the tested specimens, a compressive load of -50N was imposed
to all of them, so that the pore fluid was squeeze out in a somehow equal
manner. The out pouring fluid was collected with a blotting paper.
The chamber was closed and the saline solution was raised this time
just below the lower end of the specimen. The 1000 normal loading
cycles were then run a second time. Finally, a last relaxation test
(rel03) was performed.
Unjacked tests
Note: The term unjacked refers to the fact that the specimens were not
sealed from the surrounding environment (i.e., the saline bath) during
the testing procedure.
The testing procedure for the unjacked tests is resumed by table 3.3.
After that the specimen was loaded in the pressure chamber and sub-
jected to preconditioning at room pressure (i.e., 0.0MPa), 5 hydrostatic
pressure levels were sequentially imposed to it. The pressure was in-
creased while the specimen was continuously cycled (i.e., the sinusoidal
excitation was uninterrupted until the end of the test). Due to the
pump capabilities, however, the pressure increments took some time to
take place (especially at low pressures). A 100 cycles transition period
was thus left for the pressure to reach the desired level.
Table 3.3: Testing profile for unjacked tests.
Cycles Pressure level Transition cycles Recorded cycles
1–1000 Prec. 1-1000
1001–1200 0.0MPa
-
1001–1100
1201–1400 0.1MPa
1101–1200
1201–1300
1401–1600 0.5MPa
1301–1400
1401–1500
1601–1800 1.0MPa
1501–1600
1601–1700
1801–2000 0.0MPa
1701–1800
1801–2000
Note: Boldfaced numbers in table 3.3 indicate the cycles which were
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used for the comparison of the mechanical responses to the different
pressure levels.
Jacked tests
Note: The term jacked refers to the fact that here the specimens were
wrapped in a rubbery tubular membrane (6mm in diameter, 0.2mm
wall thickness, Piercan, Paris, France) and sealed from the surrounding
environment (i.e., the saline bath) during the testing procedure.
The multiaxial loading of the periodontium was obtained by simulta-
neous application of axial displacement and lateral pressure. Several
preliminary tests led to the following testing protocol, which allowed
for the analysis of the combined effects of lateral pressure and initial
level of saturation of the PDL.
The holder-specimen-holder system was loaded in the pressure cham-
ber, at room pressure (0.0MPa), with the tubular membrane rolled-
up on its groove. After zeroing, a 1000 normal loading cycles were
performed in a fully saturated saline environment to precondition the
specimen. The sample was subsequently tested with 3 level of pore
saturation:
• Over-saturated : the specimen was held in its maximal stretched
position (i.e., at λ = 1.35) while the surrounding saline was al-
lowed to completely fill the pore volume of the PDL during 5 min-
utes. The saline was then evacuated from the testing room and
the chamber opened for manipulation. The membrane, rolled-up
on the lower specimen holder, was carefully raised over the spec-
imen and the two o-rings (refer to figure 3.6) were placed over it,
ensuring complete sealing of the specimen from the environment.
Only at this stage, the stretch on the specimen was released to
retrieve the zero state (e.g., λ = 1.0). The term over-saturated
designates then the fact that, in the zero state, there was more
water than needed to totally fill the pore volume of the solid ma-
trix. The chamber was closed, and the saline bath raised again
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to fill the testing room. Loading involved now 5 series of 200
sine cycles each (for a total of 1000 cycles) upon which the cham-
ber pressure was varied as shown in table 3.4 (boldfaced numbers
indicate the cycles used in the analysis of the data).
Table 3.4: Testing profile for jacked tests.
Cycles Pressure level Transition cycles Recorded cycles
1–200 Prec. 1-200
201–400 0.0MPa
-
201–300
401–600 0.1MPa
301–400
401–500
601–800 0.5MPa
501–600
601–700
801–1000 1.0MPa
701–800
801–900
• Saturated : After the over-saturated test, the specimen was held
in its zero state (i.e., at λ = 1.0), the saline solution was then
evacuated from the testing room, the chamber opened and the
membrane rolled back onto its groove. Both the specimen and
the membrane surfaces were carefully dried before the sealing
system (membrane and o-rings) was repositioned, so that the pore
volume of the solid matrix was, this time, completely filled with
saline when it was in its zero state. The test sequence reported
in table 3.4 was run a second time on the same specimen.
• Partially-saturated : A third initial level of saturation of the
PDL was finally tested. The same procedure described for the
saturated test was followed, but the fact that the specimen was
held in its minimal stretched position (i.e., λ = 0.65) for the
complete filling of the pore volume3. Evidently, after the seal-
ing system was repositioned and prior cycling, the specimen was
brought to the zero state (i.e., λ = 1.0).
3In this context, thus, the term partially does not mean that a portion of the
pore volume contained a gas phase.
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Experimental Results
However beautiful the strategy, you should occasionally look
at the results.
Winston Churchill, 1874–1965
All the main experimental results obtained from histo-morphological
investigation (in section 4.2) and mechanical testing (section 4.3 for
flat and 4.4 for cylindrical specimens) on the periodontal tissues are
reported in this chapter. Analysis of data was performed using the
methodology exposed in section 4.1.
4.1 Analysis of experimental data
4.1.1 Statistical analysis
One-way analysis of variance (ANOVA) was used to examine whether
or not eventual differences were statistically significant among several
(more than two) specimen groups. When significant differences were
encountered, ANOVA was followed by Scheffe´’s test to obtain paired
comparison, allowing to tell between which among the groups the dif-
ferences were statistically relevant. When the comparison had to be
done between only two groups, a pairwise Student’s t-test was used
instead.
In all statistical analyses, the confidence interval was set at 95%
and the parameter for the comparison was P = 0.05. When significant
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difference at 95% confidence level appeared (marked in the graphs with
∗), it was also tested for more restrictive confidence intervals (99%,
P = 0.01, ∗∗ and 99.9%, P = 0.001, ∗ ∗ ∗).
4.1.2 Intra-specimen analysis
Since the mechanical response of the periodontium widely varied among
specimens due to the already mentioned bio-variability (see section
3.7.3), comparing the responses of a set of specimens tested in certain
conditions with another set of specimens tested in other conditions,
would have made no sense. Thus, intra-specimen comparisons were
performed.
To establish the influence of a factor on the mechanical response
of the periodontium, this factor was varied along the testing of each
specimen for a set of, in general, 5 samples. For each specimen then,
the variation of parameters describing the mechanical response was
assessed as percent difference between the different testing conditions.
The mean and standard deviation of the percent differences were then
calculated for the set of samples.
The data reported in tables 4.6–4.8 and 4.13–4.18 were obtained
from such an analysis.
4.2 Histo-morphology
The results obtained from the histo-morphological observation were
carried out in collaboration with Dr. D. Bosshardt (Department of
Periodontology and Prosthodontics, School of Dental Medicine, Uni-
versity of Bern), Mrs. G. Vaglio and Dr. A. Wiskott (Section de
Me´decine Dentaire, Faculte´ de Me´decine, Universite´ de Gene`ve) and
are extensively detailed in [19] and [147].
The histo-morphological findings relevant to the understanding of
the PDL’s mechanical functioning are given in the following sections.
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4.2.1 Blood vessels
Thirty-two undecalcified ground sections obtained from 2 animals (A
and B) furnished a total of 95 specimens for which the blood vessel’s
area fraction, number, numerical density and diameter were assessed
as specified in section 3.4.3. Every specimen came from one among the
6 suitable regions for mechanical testing (i.e., db, dd, dl, ml, mm and
mb).
The steps through which the images of the ground sections of the
periodontium were processed are shown in figure 4.1. After assembling
the different images taken from a same region (in figure 4.1a only 3
images among the usual 7 that were necessary to cover the entire spec-
imen’s breadth –5mm– are shown), the blood vessels were filled with a
white background as to facilitate further automatic detection (4.1b). To
allow for density calculation then, the PDL area was manually selected
as region of interest (ROI, darker area in figure 4.1c).
Densities
General means and standard deviations (over the 95 specimens) of the
different density values are reported in table 4.1.
Table 4.1: PDL area and blood vessel densities.
PDL BV BV area BV Numerical
area area fraction number density
[mm2] [mm2] [%] [#] [#/mm2]
2.44±0.51 0.42±0.16 17.58±6.49 100±23 41.79±10.07
Almost the 20% of the PDL space was occupied by the vascular
system. Despite possible intra-spices and regional dependencies of the
blood vessel density [19, 147], the most important observation from a
mechanical standpoint is the fact that, compared to other fibrous con-
nective tissues, the PDL vascular system resulted to be highly devel-
oped [48]. It has been suggested [85] that the vascular system plays an
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(a)
(b)
ROI
(c)
Figure 4.1: Procedure for blood vessel detection: assembling of the images (a); filling
of the BV with white background (b); selection of the ROI (c). D = Dentin, C = Ce-
mentum, PDL = Periodontal Ligament, BV = Blood Vessel, B = Bone.
important role in shock absorption during mastication impacts. This
issue will be addressed in more details in section 4.4.8.
The blood vessel area fraction obtained was in line with what re-
ported in the literature; the wide spread of the values retrieved (from
4 to 47% of the PDL space [17, 132]) was justified by the fact that, as
reported in [147], this parameter was dependent on animal (P = 0.007),
root depth (P = 0.003) and location (P = 0.01).
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Diameters
As blood vessels probably represent the main contribution to the total
porosity of the PDL, their geometry likely have an influence on its
mechanical behavior. In fact, as shown by the Kozeny-Carman equation
2.42, the permeability of a material depends also on the specific area
S0 of the pores per unit volume of solid matrix.
From the total of the analyzed specimens, coming from animals A
and B, the diameters spanned form 8 (the smallest detectable vessel)
to 463µm, with the median value at dBV = 43µm.
With respect to their spatial distribution, no general trends could
be identified as their distributions was not consistent among teeth, root
depth or location.
4.2.2 PDL width
The PDL area obtained from the previous definition of the ROI (see
figure 4.1c) allowed also for the calculation of the mean PDL width w0
for every specimen, obtained by
w0 =
PDL area
image length
(4.1)
where image length was the length of the line drawn on the PDL im-
ages and which was approximatively equidistant from the bone and the
cementum surfaces.
The average over the whole specimen population gave a mean value
of
w0 = 551± 125 µm. (4.2)
As detailed in the work by Vaglio [147], this quantity appeared to be
animal and root depth dependent (P = 0.03).
Note that, when compared to human PDL width, which is in the
order of 100–300µm [30,128], bovine PDL is wider by about 2 times.
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4.2.3 Bone- and cementum-PDL interfaces
Qualitative assessment of both bone-PDL and cementum-PDL inter-
faces suggested a more marked roughness of the former for the vast
majority of the analyzed locations (see figure 4.2). When compared
to humans, the bony socket of the bovine mandibular 1st molar de-
noted a high remodeling activity. This could be explained by the fact
that, in opposition to humans, bovines are ruminant herbivores with
extreme horizontal tooth movements during mastication and that their
mandibular 1st molars are continuously erupting teeth, processes which
both highly promote remodeling activity [1, 154].
For a quantitative assessment of the PDL boundaries, the fractal
dimensions D of the bone- and cementum-PDL interfaces were obtained
as described in section 3.4.3 for the usual six locations. A total of 22
specimens were measured, and the values reported in table 4.2 obtained.
Table 4.2: Fractal dimensions D for bone and cementum at the 6 usual locations.
location Cementum - PDL Bone - PDL
(# of spec.) D D
mb (4) 1.01±0.01 1.04±0.01
mm (2) 1.01±0.02 1.14±0.04
ml (4) 1.05±0.02 1.07±0.04
dl (4) 1.10±0.05 1.22±0.08
dd (4) 1.09±0.06 1.06±0.03
db (4) 1.08±0.05 1.18±0.05
means 1.06±0.05 1.19±0.08
The general means of bone-PDL and cementum-PDL fractal di-
mensions confirmed the qualitative observation that alveolar bone was
subjected to higher remodeling activity than cementum. Except for
location dd (see table 4.2), this was also the case for every location
considered.
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PDL
B
C mb
(a) (b)
(c) (d)
(e) (f)
Figure 4.2: Typical periodontium morphology of the usual mb (a), mm (b), ml (c), dl
(d), dd (e) and db (f) regions. C = Cementum, PDL = Periodontal ligament, B = Bone.
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Moreover, within the bone-PDL interfaces, the regions that showed
the highest fractal dimensions were dl and db (in bold in the table).
In a recent work [154] it has been proved that mechanical loading pro-
duces an increase of the bone-PDL interface fractal dimension. As a
conclusion it was suggested that the distal root of the first mandibu-
lar molar was particularly subjected to bucco-lingual excitations, result
which was actually in total agreement with the physiological mastica-
tory pattern of the bovine.
4.2.4 Collagen fibers
Collagen fibers are the PDL constituent which mainly support, at least
in tension, mechanical loadings. From a mechanical standpoint, it is
thus essential to know how they link bone to cementum and how dense is
the mesh they generate, in order to better understand the mechanisms
underlying the mechanics of the PDL.
Qualitative assessment of such characteristics were obtained by po-
larized light microscopy on undecalcified ground sections (see figure 4.3,
from [19], with permission). It was observed that both fiber orienta-
(a) (b) (c)
Figure 4.3: Collagen fibers orientation: perpendicular (a), oblique (b) and crisscross (c)
patterns. C = Cementum, PDL = Periodontal Ligament, B = Bone.
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tion and density greatly varied among locations and root depths. In
general, sections coming from coronal portions (figures 4.3a and 4.3b)
were densely packed and showed a marked degree of orientation than
specimens obtained at apical levels (figure 4.3c).
4.2.5 Summary
All the observation exposed in this section supported findings reported
in previous works.
Qualitative and quantitative descriptions indicated the bovine pe-
riodontium to be highly inhomogeneous both within and between ani-
mals, resulting thus in its structural pattern to be hardly predictable.
In fact, all of the six locations investigated revealed large variation in
PDL width, area fraction and number of blood vessels, amount and
orientation of collagen fibers and interface roughness of both bone- and
cementum-PDL interfaces.
The high degree of vascularization of the PDL has been quantified
and resulted to occupy almost the 20% of the PDL volume. The number
of blood vessels per unit area, together with their diameter dependancy
on root depth level and location, however, could not provide for a clear
trend of the vascular structure of this connective tissue.
4.3 Mechanical testing of flat specimens
PDL’s mechanical parameters obtained from flat specimens subjected
to relaxation and sinusoidal tests are reported in this section. The
principal aim was to complete a previous study [123] by determining
their possible dependancy on specimen root depth level (I to VII) and
location around the roots (mb, mm, ml, dl, dd and db).
For the analysis of all mechanical tests, the recorded load F (t) and
the imposed displacement d(t) data (units in [N] and [mm], respec-
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tively) were converted as nominal stress T (t) [MPa] and stretch ratio
λ(t) [dimensionless] via
T (t) = F (t)/A0 (4.3)
and
λ(t) =
w0 + d(t)
w0
= 1 + (t) (4.4)
where A0 is the initial cross-sectional area of the specimen and w0 is
the original PDL width
Note how the stretch ratio λ(t) can also be written in terms of strain
via equation 4.4
4.3.1 Preconditioning
It is well established [50] that the mechanical response of living soft
tissues subjected to cyclic loading varies with the number of cycles until
a steady state is reached. For the PDL it has been showed [123,125] that
the number of cycles needed to obtain a steady response was greater
for the compressive process (about 20 cycles) than for the tensile one
(usually between 3 and 5 cycles).
As illustrated in figure 4.4, the PDL response of specimens subjected
to 30 cycles of normal loading profile softened with the number of
cycles. The enlargements of the compressive and tensile extremities
show how the maximal and minimal stresses decrease over the 30 cycles.
Summary
In agreement with the procedure established in a previous work for
such flat specimens, the 30th cycles of every sinusoidal loading pro-
file was selected as the cycle after which the mechanical response was
independent on the cycle number.
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Figure 4.4: Preconditioning: the mechanical response of the PDL to cyclic loading (cycle
numbers in the enlargements) was considered as steady starting from the 30th cycle on.
Note: for clarity, the cycles 11-19 and 21-29 were omitted.
4.3.2 Stress relaxation
Figure 4.5 shows typical results to stress relaxation tests performed as
specified in section 3.7.2 (page 86).
A systematic difference between the relaxtens1 and relaxtens2 was
recorded. It was suggested that this difference was the consequence
of lack of preconditioning while performing the very first relaxation
step. Following the first set of cyclic loading indeed, this difference
disappeared (relaxtens2 and relaxtens3 curves being practically super-
posed), furthermore indicating the tissue was not altered during tensile-
compressive cyclic loading.
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Figure 4.5: Stress relaxation curves in tension and compression before (relaxtens1), dur-
ing (relaxcomp1, relaxtens2, relaxcomp2) and after (relaxtens3) cyclic loading. Over-
lapping of relaxtens2 and relaxtens3 as well as relaxcomp1 and relaxcomp2 denoted
tissue’s mechanical integrity during cyclic loadings.
4.3.3 Mechanical response to sinusoidal cyclic loading
The testing profile described on page 86 was imposed on 84 flat spec-
imens obtained from one of the appropriate sites (6 locations and 6
depths) of the 1st left and right molars of 5 animals.
Typical sinusoidal loading displacement and the corresponding re-
sponse curves are shown in figure 4.6a. The associated stress-stretch
ratio curve is presented in figure 4.6b. The principal parameters used
to quantify the evolution of the mechanical behavior of the PDL are
defined on these plots. Namely,
• Tt and Tc : the maximal and minimal stresses recorded during
the sinusoidal loading.
• λt and λc : the imposed maximal and minimal stretch ratios.
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Figure 4.6: Definition of mechanical parameters; tensile and compressive time lags ∆tt,c
(a), maximal and minimal stresses Tt,c and stretch ratios λt,c and dissipated energies
Et,c (b).
• ∆tt and ∆tc : the time differences between the occurrence of Tt
and λt, and between Tc and λc, respectively.
• tan δt and tan δc : the tensile and compressive tangent phase lags
defined as
tan δt,c = tan(ω∆tt,c) with ω = 2pif (4.5)
where ω is the angular frequency and f the frequency of the input
signal.
• Et and Ec : the energy needed for the tensile (compressive) phase
to be completed. It corresponds to the area enclosed by the load-
ing and unloading tensile (compressive) paths.
• Ht and Hc : the hystereses of the tensile and compressive pro-
cesses, defined as the ratio between Et,c and the area under the
loading path of the respective process. Hysteresis represents the
fraction of mechanical energy absorbed by the system during a
loading cycle.
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• αtl, αtu and αcl : the degree of non-linearity of the tensile loading
(tl), tensile unloading (tu) and compressive loading (cl) paths.
These last parameters were introduced by Fung [49,50] to easily quan-
tify the level of non-linearity of the tensile response of soft biological
tissues.
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Figure 4.7: Degree of non-linearity for the
tensile loading (αtl), tensile unloading (αtu)
and compressive loading (αcl) phases.
He noticed that a convenient way
to examine the T−λ relationship
was to plot the values of the tan-
gent modulus dT/dλ of the curve
versus T , as shown in figure 4.7.
In fact, it turned out that, when
separately considering the load-
ing and the unloading processes,
each set of data could be repre-
sented by the linear relationship
dT
dλ
= α(T + β) (4.6)
where α (dimensionless) and β
(units of stress) are constants obtained by linear fitting of the curves.
Integration of equation 4.6 leads to the direct relationship relating T
to λ
T = ceα(λ−λ
∗) − β (4.7)
where c = T ∗ + β is an integration constant (T ∗ and λ∗ are specified
stress and stretch ratio on the T − λ curve). The fact that the loading
and unloading phases needed to be identified by two different sets of
parameters, led Fung to name this phenomenon pseudo-elasticity; the
material behaved as if it were ruled by an elastic law when loaded, and
by another elastic law when unloaded.
All of these parameters were automatically extracted with a custom-
made Matlab® (The MathWorks, Natick, Massachusetts) routine from
the selected cycles (usually the 30th, for the preconditioning phase to be
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Figure 4.8: Statistical comparison of tan δt,c, Et,c and αtl,cl among root depth levels
(a), (c), (e) and among locations (b), (d), (f) obtained from normal loading profiles.
Significant differences (P = 0.001, not illustrated for clarity) were recorded between
tensile and compressive values of tan δ and E (plots (a) to (d)). Among tensile and
compressive groups no significant differences were encounterd.
The coefficients of non-linearity αtl,cl did not present such a difference between tensile
and compressive behavior. However, the tensile coefficient of location db showed to be
statistically higher (P = 0.01) than the one of location ml.
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completed – see section 4.3.1) of all the tested specimens. Comparisons
and statistical analysis were carried out by pooling the data by root
depth level (figures 4.8a, 4.8c and 4.8e) or location (figures 4.8b, 4.8d
and 4.8f).
Summary
Although tests with different loading frequencies were performed, the
results presented herein are only the ones obtained at the testing fre-
quency of 1.0Hz, which is considered as the frequency reflecting at best
the physiological stimulus.
From the plots reported in figure 4.8 it resulted that compressive
tangent phase lag (tan δ) and energy loss (E) were much greater (P =
0.001) than the tensile values.
No significant differences were observed, however, between root
depth levels or locations for these parameters, suggesting that the en-
ergy absorbing capacity of the PDL did not depend on these factors.
The non-linearity coefficients α represent the constant rate of in-
crease of the tissue’s stiffness with respect to increasing stress. The
larger the slope α, the greater is the degree of non-linearity of the re-
sponse. For the range of stretch ratio used in this work (λ = 0.65−1.35),
it appeared that the choice of a linear fit of the curve dT/dλ versus T
was appropriate. This allowed to represent the stress-strecht ratio re-
lationship in tension or compression by the exponential law 4.7.
In the analysis of organ functions, such a parameter is frequently
used [49, 107, 136, 141, 163, 167] since it offers a convenient comparison
of the non-linear behavior of different soft tissues. As a matter of
comparison, the value of αtl of the PDL was more than 6 times the value
found for the dog’s aortic tree [141], quite similar to that of the rabbit
papillary muscle [107] and two-thirds that of the rabbit ureter [167].
As shown in figure 4.8, αtl and αcl did not show major tensile-
compressive differences. Only an isolated significant difference between
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the tensile parameter of locations db and ml was recorded.
4.4 Mechanical testing of cylindrical specimens
The main results obtained from the experimental testing of the PDL
cylindrical specimens are reported in this section. All the tests were
performed with the device purposely designed (see figure 4.9).
proximity bearing (8)
sub. load
cell (10)
air outlet (3)
control viewport (9)
specimen
saline pressure
inlet (5)
saline in/outlet (4)
slender actuator bar (1)
base beam
Figure 4.9: Photograph of the custom made pressure chamber (see figure 3.8 for details).
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4.4.1 Comparison with flat specimens
It was essential to verify that the new extraction protocol was adequate
for obtaining of cylindrical specimens and did not alter the mechanical
behavior of the PDL (e.g., by excessive heating during drilling) in a
significant way. Thus, a preliminary study was carried out to compare
the cylindrical specimens with the classical flat ones [10]. To this end,
the set of parameters reported in table 4.3 obtained from 16 flat and 16
cylindrical specimens, loaded with a 30 normal loading profile cycles,
were statistically compared.
Table 4.3: Comparison (Student’s t-test) of mechanical parameters obtained from flat
and cylindrical specimens.
Param.
Flat Cylindrical Statistical
[mean±%SD] [mean±%SD] difference
tan δt 0.011±82 0.016±46 NO
tan δc 0.235±67 0.201±34 NO
Ht 0.178±81 0.213±34 NO
Hc 0.944±17 0.841±16 NO
αtl 16.4±58 13.0±40 NO
αtu 17.2±59 13.9±39 NO
αcl -13.8±69 -15.1±41 NO
Both types of specimens showed similar general mechanical response;
the nonlinear behavior could be quantified by extracting the slopes α
from the plots of dT/dλ vs. T (see section 4.3.3 for details) and tangent
phase-lags and dissipated energy were both larger in compression than
in tension.
As shown in table 4.3 there was no significant differences between
the corresponding parameters of the two types of specimens. Moreover,
the relaxation curves both in tension and compression, performed as
described in section 3.7.2, showed that none of the specimens suffered
of severe damage or degradation.
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Summary
For the totality of the examined parameters, the two specimens showed
a statistically similar behavior. It was then concluded that the protocol
established for the extraction of the new specimens was adequate for
the obtaining of PDL samples to be assigned to mechanical testing.
4.4.2 Long lasting cycling
As described on page 88, long lasting tests (2000 normal profile cy-
cles), performed to guarantee consistency of the recordings on very
long cyclic loadings, were executed on 5 specimens, resulting in the
responses shown in figure 4.10.
After severe changes (mostly for the compressive response) during
the very first cycles (1st to 100th), a more steady response to cyclic
loading was obtained only after an important amount of cycles. Thus,
preconditioning of the PDL proved to be a fairly long process. It was
less pronounced for the tensile than for the compressive response. In
fact, on average, the amount of peak stress loss over a 2000 cycles
ranged at about 40% of the initial value of Tt, whereas, it was of about
the 70% for Tc. The almost continuous chewing pattern of bovines
could be the explanation for such a long process. Indeed, this could be
the origin of possible differences between bovine and human tissues.
To determine the number of cycles after which the PDL reached
an acceptable steady mechanical response, the following analysis was
proposed.
Tensile behavior
The values of maximal tensile stresses Tti were extracted for the ith cycle
(i equal to 1, 2. . . 10, 20. . . 100, 200. . . 1000 and 2000) and normalized
by the peak value at the last cycle Tt2000. This operation was done on
the 5 tested specimens so that an average value T̂ti could be obtained
at each ith cycle (see figure 4.11). The plot of T̂ti versus number of
cycles i was then fitted with an exponential curve of the form
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Figure 4.10: Effect of preconditioning on specimens from different locations. Nominal
stress response to a 2000 normal loading profile cycles. As a matter of clarity, only the
1st, 10th, 100th, 1000nd and 2000nd cycles are shown.
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Figure 4.11: Tensile relaxation of the PDL during a 2000 sine cycling. Average of
maximal tensile stress over 5 specimens with standard deviation bars and exponential
decay fit.
T˜t(i) = T˜t∞ + T˜t1e−i/it1 + T˜t2e−i/it2 + T˜t3e−i/it3 , (4.8)
representing the superposition of 3 exponential decay processes, where
the 3 different characteristic number of cycles (itj) indicate the rate at
which each process (with initial amplitude T˜ti) vanishes with cycling,
leaving T˜t∞ (in this case T˜t∞ = 1 due to the previous normalization) as
asymptotic value. Table 4.4 shows the numerical values obtained from
this fitting.
Table 4.4: Values of the parameters of the exponential decay for tensile preconditioning
T˜t∞ T˜t1 T˜t2 T˜t3 it1 it2 it3
1.00 0.30 0.19 0.22 7 109 783
To determine the minimal number of cycles up to which the speci-
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mens should have been preconditioned to show nearly stable mechanical
response, the effect of the total exponential decay had to be consid-
ered. Allowing for a maximal variation of 10% of the response over
a large number of cycles (a maximum of 1000 cycles were imposed
in the testing procedures of the cylindrical specimens), a threshold of
T˜t0.1 = 1.1× T˜t∞ = 1.1 was set as level for the peak tensile stress to
be reached to guarantee response stability. The corresponding number
of cycles was graphically extrapolated (see figure 4.11) and estimated
at
it0.1 = 511 cycles. (4.9)
Compressive behavior
The same procedure was followed to obtain the curve T˜ci, fitting the
maximal compressive stresses (see figure 4.12). The corresponding
Table 4.5: Values of the parameters of the exponential decay for compressive precondi-
tioning
T˜c∞ T˜c1 T˜c2 T˜c3 ic1 ic2 ic3
1.00 1.12 0.69 0.56 3 33 575
values are reported in table 4.5. The threshold and the corresponding
number of cycles, were
T˜c0.1 = 1.1, and ic0.1 = 964 cycles. (4.10)
Summary
For an intra-specimen comparison to be pertinent, the preconditioning
process of the tissue should be completed. The results shown above
pointed out that the minimal number of cycles suggested either by
Fung [50] or Sanctuary [125] for the preconditioning of soft tissues to
be completed (i.e., between 3 and 10 cycles) was not sufficient for the
tests performed on the cylindrical specimens.
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Figure 4.12: Compressive relaxation of the PDL during a 2000 sine cycling. Average of
maximal compressive stress over 5 specimens with standard deviation bars and exponen-
tial decay fit.
In fact, to reach the plateau of the curves reported in the figures 4.11
and 4.12, where the mechanical response did not vary of more than the
10% of the asymptotic value, a minimal of 511 cycles (equation 4.9) for
the tensile and 964 cycles (equation 4.10) for the compressive processes
were needed.
Eventually, it has been established that the PDL was in a fully
preconditioned state in both tensile and compressive behavior only after
a minimum of a 1000 cycles.
4.4.3 Non-mechanical degradation
This test was performed to make sure that the PDL mechanical re-
sponse did not suffered any discernible changes due to natural biologi-
cal degradation while left in the testing chamber for long lasting tests
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at room temperature. It also allowed to check whether the phenom-
ena recorded during the preconditioning tests (see section 4.4.2) were
strictly related to purely mechanical processes (and not to a combina-
tion of both mechanical and biological issues).
Figure 4.13 shows the last cycles of a set of three 40 cycles of normal
loading profiles performed at time intervals of 30min (corresponding
roughly to a 2000 normal loading cycles) on 5 specimens. The curves
did not perfectly superpose; a slight softening in the mechanical re-
sponse of the PDL occurred when left at rest for 30min. Moreover,
this difference was more marked between the 1st and the 2nd sets than
between the 2nd and the 3rd. This was mainly due to the fact that for
the very 1st set the specimens were not preconditioned at all and pre-
sented air and/or debris, due to specimen extraction, within their fluid
content (for details see section 4.4.5). Once these perturbing elements
were eliminated by the action of the 1 st cycling set, the differences
were less pronounced.
For each specimen, the mechanical parameters shown in table 4.6
were extracted and compared for the 40th cycles of the 3 cycling sets.
The differences (loss in percent) were averaged over the 5 specimens.
Table 4.6: Mean and standard deviation of percent differences of mechanical parameters
for non-mechanical degradation tests.
Param.
1st-2nd 2nd-3rd
sets [%] sets [%]
Tt 3.7±2.8 3.5±2.5
Tc 15.9±2.5 8.7±2.2
Et 7.7±3.9 6.4±3.0
Ec 11.0±2.8 8.1±2.9
Summary
For a waiting time of 30min between cycling, the variation of the me-
chanical response of the PDL did not exceed 8.7% of the initial value of
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Figure 4.13: Effect of non-mechanical degradation: 40th cycles of the 3 sets of cycling
executed at time intervals of 30min.
119
CHAPTER 4. EXPERIMENTAL RESULTS
the control parameters. This value was obtained only when the tissue
was previously put in a fully saturated saline state: all the air and/or
debris contained in the tissue were evacuated in the 1st cycling set. If
this was not the case, higher values were obtained (15.9%).
These variations were considered small for biological tissues and
were not investigated further.
4.4.4 Effects of loading frequency
As a consequence of the findings on the preconditioning behavior (see
section 4.4.2), every specimen was subjected to a 1000 cycles (at 1.5Hz
in this case) prior data recording.
The results obtained by applying on 5 specimens the testing profile
described on page 88 are shown in figure 4.14. In the plots, the 10th
(crosses) and the 100th (solid lines) cycles are displayed for each testing
frequency.
Table 4.7 shows the mean differences (in percent and calculated over
the 5 specimens) between the 10th and the 100th cycles of each frequency
for the parameters Tt, Tc, Et and Ec. Apparently, no significant changes
Table 4.7: Comparison of mechanical parameters between the 10th and the 100th cycles
for the four testing frequencies.
Parameter
1.5Hz 1.0Hz 0.5Hz 0.1Hz
10th-100th 10th-100th 10th-100th 10th-100th
cycles [%] cycles [%] cycles [%] cycles [%]
Tt 7.1±3.1 4.5±2.2 2.1±0.9 3.0±1.1
Tc 5.4±2.1 2.7±1.5 0.8±0.7 4.6±1.4
Et 4.1±1.4 2.1±1.2 1.2±1.1 3.3±2.4
Ec 5.8±2.0 2.7±1.6 0.5±0.3 2.9±2.4
in the mechanical response of the PDL occurred within each testing
frequency.
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Figure 4.14: Effect of frequency: 10th and 100thcycles for 0.1, 0.5, 1.0 and 1.5Hz
frequencies. Each line style indicate the 100th cycle of a testing frequency; the closest
set of crosses (+) to each line indicate the 10th cycle of the corresponding testing
frequency.
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By assessing the differences between the 100th cycles of the different
testing frequencies, however, significant changes occurred (see table 4.8,
bold faced values). The amplitude of these differences were systemat-
Table 4.8: Comparison of mechanical parameters between the 100th cycles of the four
testing frequencies.
Parameter
0.1-0.5Hz 0.5-1.0Hz 1.0-1.5Hz
100th 100th 100th
cycles [%] cycles [%] cycles [%]
Tt 5.8±2.1 3.5±4.0 3.2±4.3
Tc 106.8±40.4 44.9±13.7 27.1±6.1
Et 32.3±11.7 22.6±16.3 14.8±13.8
Ec 125.4±33.3 48.8±15.4 27.6±8.4
ically lower for the parameters describing the tensile behavior (i.e., Tt
and Et) than the values for the compressive parameters. This clearly
indicated that the major changes took place during the compressive
part of the cycle, while the tensile phase was practically unaffected by
the variation of the loading frequency.
Quite high values (in italic in table 4.8) were also recorded for the
tensile parameter Et (the energy loss during the tensile phase of the
cycle). This was because the transition path between the tensile and
compressive states was affected by frequency changes already in the
tensile phase (striking in plot 4.14a). This caused the loop area defin-
ing Et to increase with frequency. Moreover, the numerical value of
Et being close to zero, any slight variation of it resulted in a sensible
percent difference.
The PDL showed two very different responses depending on whether
it was pulled in tension or pushed in compression.
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Tensile behavior
The response to the tensile part of the sinusoidal excitation did not
significantly vary for frequencies spanning over more than one order of
magnitude (0.1 to 1.5Hz). The loss of energy Et (i.e., the area between
the loading and unloading processes), and the maximal stress Tt could
be considered as constant.
These features indicated that the model of pseudo-elasticity pro-
posed by Fung [50],
T = ceα(λ−λ
∗) − β (4.11)
and already used in section 4.3.3, still well represented the tensile be-
havior of the PDL, at least for the given range of frequencies and dis-
placements (well within the physiological range).
Compressive behavior
The loading frequency had a marked influence on the compressive re-
sponse of the PDL. Dependency of maximum compressive stress and
compressive energy loss on the loading rate indicated the material to
present a significant viscous behavior.
A viscous component is generally represented as a dashpot, such as
the stress-stretch ratio rate relationship is given as
T = η
dλ
dt
= ηλ˙ (4.12)
where the stress T is proportionally related to the time derivative of
the stretch ratio λ˙ via the viscosity of the material η.
The viscosity η can be independent, and in this case the material is
said to be linear viscous, or dependent, indicating a non-linear viscous
behavior, on λ˙. In this last case, the description of the dependency of
η on λ˙ is assessed empirically [15]. To establish what type of viscos-
ity described best the PDL compressive behavior, the following data
analysis was carried out for the 5 specimens.
The plot of the stresses T versus the stretch ratio rate λ˙, directly
indicated the type of relationship between η and λ˙ (see equation 4.12);
123
CHAPTER 4. EXPERIMENTAL RESULTS
obtaining of a straight line would be the evidence of linear viscosity,
whereas a curved line would imply non-linear viscosity.
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Figure 4.15: Assessment of the type of viscosity. (a): Different stretch ratios (λx)
were selected and the corresponding stresses T fx for the different loading frequencies
were recorded. (b): Plot of the corresponding data form (a) in a ln-ln graph. (c):
Determination of a(λ). (d): Comparison between the experimental curves (lines) and
the model (×) for a0 = 4.13, k0 = −5.83 and n0 = 0.64.
Figure 4.15a shows a magnification of the compressive response of
specimen URdbI (from plot 4.14a) for the four loading frequencies. The
stretch ratio λ = 0.7 (λ0.7) was selected, and the corresponding stresses
noted for the different loading frequencies f (T f0.7, for f = 0.1 − 1.5).
Also, the time derivative of the stretch ratio function was calculated
at the selected stretch ratio, giving the values λ˙f0.7. Plotting |T f0.7|
versus |λ˙f0.7| in a ln-ln graph (4.15b) clearly showed a linear logarithmic
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dependency between the two terms:
ln|T | = a0.7 + n0.7 ln|λ˙| (4.13)
implying a direct relationship of the form
|T | = ea0.7 |λ˙|n0.7 (4.14)
which can be rewritten as
|T | = ea0.7 |λ˙|n0.7−1︸ ︷︷ ︸
η0.7
|λ˙| (4.15)
where term ea0.7 |λ˙|n0.7−1 represents the viscosity η0.7, comparable to η
of equation 4.12. In the case of Note that for n0.7 = 1 and ea0.7 = η, the
viscosity is linear. Thus, the deviation of n0.7 from the unity indicates
the deviation of the behavior from linear viscosity.
This operation was reiterated for the stretch ratios λ0.8, λ0.9 and
λ1.0 to extract the corresponding parameters aλ and nλ. By plotting
the obtained values of |T fλ | and |λ˙fλ| on the same plot 4.15b, it has been
noticed that the viscosity was not only dependent on λ˙, but also on λ
(the curves did not superpose); whereas the slope nλ = n0.7 = n0 did
not vary, the shifting value aλ was found to be dependent on λ (see
plot 4.15c) via a linear relationship of the type
a(λ) = a0 + k0λ (4.16)
Thus, the final form for the stress-stretch ratio relationship for the
loading part of sinusoidal compressive path was
T = −ea0+k0λ|λ˙|n0−1|λ˙| (4.17)
The comparison between the experimental data and the model is
shown in the plot 4.15d for the specimen URdbI. A good match was
found so that the tree-parameters model 4.17 well described the sinu-
soidal compressive loading of the PDL for different frequencies. The
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Table 4.9: Parameters for the viscous model.
Specimen a0 k0 n0
URdbI 4.13 -5.83 0.64
URdbII 4.82 -7.36 0.37
URddI 7.23 -10.41 0.33
URdlI 3.78 -6.28 0.55
URmmII 3.91 -6.44 0.51
mean±SD 4.77±1.43 -7.26±1.85 0.48±0.13
values of a0, k0 and n0 obtained for the 5 specimens are reported in
table 4.9.
The fact that n0 was less than 1 implied that the term representing
the viscosity η decreased with increasing λ˙. For a viscous behavior this
feature is termed pseudo-plasticity [15].
Summary
Varying the displacement loading frequency had a direct influence on
the mechanical response of the PDL. Whereas the tensile behavior
showed to be almost independent on it, the compressive response proved
to be highly affected by the loading rate.
The tensile response of the PDL to sinusoidal cycles with charac-
teristics within the physiological range, could be described by the same
model as presented in section 4.3.3 and proposed by Fung [50]. The
stiffness dT/dλ of the PDL was found to be exponentially dependent on
the stretch ratio λ, i.e., the tangent modulus of the ligament response
varied with the geometrical configuration of the specimen. From a phe-
nomenological point of view, the explanation for such a response is
commonly attributed to the progressive straightening, thus engaging in
the loading bearing process, of the tissue’s collagen fibers with increas-
ing stretch.
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The compressive response of the PDL presented viscous features.
From the analysis of the results it appeared the viscosity η to be non-
linear, dependent on the loading rate λ˙ and on the stretch ratio λ itself.
This direct dependency on λ suggested, as in the case of the tensile re-
sponse, that the process laying behind the compressive behavior should
likewise be linked to a structural modification. This change could be
the progressive collapse of the pore spaces (mainly represented by blood
vessels, see section 4.2.1) contained in the PDL. Thus, the dependency
of the compressive response on the loading frequency, could be due to
the interactions between a porous structure, which pore volume can
vary with deformation, and its fluid content, rather than to viscoelastic
properties of a continuum PDL.
It is important to emphasize that the two models presented here
are limited, as they separately described the tensile (loading and un-
loading) and the compressive (loading only) phases of the response to
the specified loading profile.
4.4.5 Optical monitoring and measurements
The four control viewports integrated in the pressure chamber allowed
for the direct observation of the specimen during the loading sequences.
This was important to have a real-time visual feedback in order to
check for the integrity of the specimen, and for the monitoring of the
associated phenomena.
Fluid flow
It was mentioned earlier (section 4.4.4) that compressive loading of the
PDL could induce its pore volume to decrease. Therefore, due to its
incompressible character, the fluid, contained in the pore space, had to
come out during the compression of the PDL.
This process was well observed during the cyclic testing and recorded
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via a digital camera. An example of these recordings can be found in
the CD-ROM included at the end of this manuscript (see the VideoPDL
folder).
It was noticed that during the first compressive cycles, before any
preconditioning, air bubbles and/or debris (e.g., bone and dentin) prob-
ably collected during the cutting procedure, were progressively squeezed
out of the PDL, and subsequently replaced by the saline solution drawn
in the pore spaces during the tensile phases. Once all the parasites el-
ements were evacuated, only saline flowed in and out during cycling.
Apparent Poisson’s ratio
Form the series of images acquired, a value for the apparent Poisson’s
ratio of the PDL was evaluated. The use of the adjective apparent is
justified as this constant is only defined for a linear elastic behavior,
and, as all plots of T versus λ show, this is not the case for the PDL.
However, this value could give general indications as to the compress-
ibility of the PDL.
In the analysis of these images with a commercial software (Mat-
lab®, The MathWorks, Natick, Massachusetts, USA) the lateral de-
formation ∆d of 5 specimens was tracked and measured (at 24 frames
per second) during 3 cycles around the 1st, the 10th, the 100th and the
1000nd cycles of a 1000 normal loading profile cycles test. The Poisson’s
ratio ν was calculated as
ν = −trans
axial
= − ∆d/d0
∆w/w0
(4.18)
where trans and axial are the transversal and axial strains, respectively;
d0 was the initial diameter of the specimen and ∆d its deformation
(see figure 4.16a); w0 was the initial PDL’s width and and ∆w its
deformation. axial was easily obtained as
axial = λ− 1 (4.19)
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Figure 4.16: Definition of the parameters for the determination of the apparent Poisson’s
ratio (a) and plot of trans, axial, ν and ν¯ versus time for 3 cycles (b).
The graph of figure 4.16b shows the superposition of the measured
transversal trans and the imposed axial strain axial for 3 loading cycles.
Using equation 4.18, the Poisson’s ratio was obtained at every image
and averaged over the 3 cycles. Eventually, a general mean was com-
puted over the totality of the measurements to give a PDL Poisson’s
ratio of
ν¯ = 0.086± 0.016 (4.20)
Summary
An important fluid exchange between the PDL and the external en-
vironment has been observed. This clearly indicated that the PDL
possesses an open type of porosity. Moreover, preconditioning effects
(see section 4.4.2) could be partially explained by the expulsion of air
bubbles and/or solid particle debris from the ligament during the firsts
testing cycles.
These findings suggested that, in order to obtain a more realistic
mechanical response of the PDL, a lateral confinement was needed as
to avoid the fluid to flow out of the specimen without the resistance
that the missing surrounding tissues would have exerted on it.
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A Poisson’s ratio of ν = 0.086 has been evaluated. Compared to
what reported in the literature, this value suggested a very high com-
pressibility of the PDL; values ranging between 0.25 and 0.49 were
commonly adopted in most of the works treating this ligament as a
linear elastic material [63, 67,94,112,113,120,123,126,145,171].
Furthermore, it was noticed that the value obtained was comparable
to the ones typical for foam-like materials, which Poisson’s ratio is
slightly above zero [87] or even negative [54].
4.4.6 Porosity of the periodontium
It has been established that alveolar bone and cementum both pre-
sented some degree of porosity. Since the PDL is bounded between
these hard tissues, it was thus pertinent to suppose that fluid exchange
between PDL and bone or/and PDL and cementum-dentin could take
place during the mechanical loading, influencing thus the total response
of the bone-PDL-cementum system.
Porosity of the alveolar bone
Alveolar bone porosity values (nbone) are rarely found in the literature.
Nevertheless, the porosity of cortical bone from femur [9,153], mandible
[149], and other compact bones [31], ranging between 8 to 12%, could
be taken as representative values, since these tissues are considered to
be of the same nature as alveolar bone.
However, form the histological observations detailed in section 4.2,
it could be stated that, due to the presence of soft tissue inclusions
derived from the process of bone remodeling, nbone was likely to be
higher than the cited values.
Porosity of the cementum-dentin
Cementum showed a very low degree of porosity. The few values ob-
tained from a literature survey were of about ncem = 5% [115]. This
130
4.4. MECHANICAL TESTING OF CYLINDRICAL SPECIMENS
porosity is mainly due to the presence of very tiny tubules called denti-
nal tubules [127,169] connecting the pulp of the teeth to the PDL and
to the oral cavity, though the enamel. Teeth hypersensitivity to cold
and/or hot foodstuff has been proved to be related to the presence of
these tubules [100,169].
In the specific case of bovine tissue, it has been lately found [19]
that, in opposition to what observed for humans, soft tissue inclusions
could also form within cementum. This finding suggested, as it was the
case for bone porosity, a higher value for ncem than the ones cited in
the literature.
Porosity of the PDL
For what concern the PDL, the experimental protocol described on
page 89 was followed to obtain a value for its porosity. In table 4.10
are reported the measurements obtained for 5 specimens.
Table 4.10: Porosity of the PDL.
Specimen
V0 W
dry
paper Wwetpaper nPDL
[mm3] [g] [g] [-]
VLdbI 21.27 0.023 0.040 0.89
VLdlI 15.30 0.074 0.086 0.75
VLmmI 8.16 0.064 0.068 0.49
VLdbII 17.91 0.046 0.057 0.53
VRdlI 16.59 0.048 0.060 0.69
The mean value and corresponding standard deviation are
nPDL = 0.67± 0.17 (4.21)
A more common quantity used to indicate the amount of voids into a
solid matrix is the void ratio e¯. It is related to the porosity via
e¯ =
n
1− n (4.22)
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and represents the ratio between the volume of pores Vpores and the
volume occupied by the solid matrix Vmatrix = V0 − Vpores.
It must be noticed that this value was valid only for the zero state
configuration of the PDL. In fact, as already mentioned in sections 4.4.4
and 4.4.5, the pore volume of the ligament could vary deformation.
Summary
Values for the porosity of the three tissues composing the periodontium
were obtained.
Alveolar bone and cementum porosity were retrieved for a literature
survey. However, the proposed values (nbone ∼= 0.1 and ncem ∼= 0.05)
were judged to underestimate the real porosity, as soft tissue inclusions
due to remodeling processes were found both in bone and cementum
(see section 4.2).
PDL porosity was experimentally assessed to nPDL = 0.67. This
value was well in line with what proposed in different works on liga-
ments and tendons [22, 94, 104, 148], where the porosity of soft tissues
ranged from 0.5 to 0.8. Evidently, this value represented the porosity
of the tissue in its zero states; a different configuration should indeed
vary the pore volume.
4.4.7 Permeability of the periodontium
As mentioned in the previous sections (4.4.5 and 4.4.6) all of the com-
ponents of the periodontium presented a more or less high degree of
porosity. When mechanically loaded, such porous medium deforms, in-
ducing modifications of the pore space volume, letting thus the fluid
phase flow through the solid skeleton.
Histo-morphological studies certified that both alveolar bone and
cementum were likely to allow for fluid exchanges with the PDL. On
the bone side, this was guaranteed by the presence of vascular cap-
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illaries and large soft tissue inclusions, resulting from tissue remodel-
ing activity, which, moreover, has been related to fluid flow generated
stresses [90, 95, 139]. On the cementum side, fluid flow was allowed by
the dentinal tubules.
The permeability of the constituent of the periodontium was as-
sessed via the experimental protocol described on page 89.
Permeability of the alveolar bone
Since, during cyclic tensile-compressive mechanical loading, the fluid
could flow both out and in the PDL, permeability measurements were
done twice for each specimen; (i) with the bone-PDL interface oriented
outwards and (ii) with the bone-PDL interface oriented inwards (see
figure 3.11b).
The values (imposed —italic— or measured —boldface—) of the
quantities needed to assess the permeability of alveolar bone (see equa-
tions 3.8 – 3.10) are summarized, for two specimens, in table 4.11.
Table 4.11: Permeability of two specimens of alveolar bone. Note: for the specimen
XLddI it was not possible to obtain a valid measure when the bone-PDL interface was
placed inwards (the other surface was too irregular to guarantee the complete sealing by
the downstream joint (see figure 3.11b)).
Spec. d h Outw. ∆t ∆P ∆V k
bone
s
[mm] [mm] face [s] [kPa] [mm3] [mm/s]
WLmmI 4.00 2.45 PDL 300 50 1300 1.68× 10
−4
Bone 300 20 2850 9.22× 10−4
XLddI 4.00 2.14 PDL 300 20 1740 4.90× 10
−4
Bone — — — —
Note: Due to the maximal flow supply limit of the pressure pump, an
imposed pressure gradient of ∆P = 50kPa was reached only in one case.
For the other cases a lower pressure level (20kPa) had to be chosen, so
that the pump could supply the necessary saline flow able to generate
a constant pressure gradient.
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A mean value of
kbones = 5.27× 10−4 mm/s (4.23)
was retained for the hydraulic conductivity of the alveolar bone.
Permeability of the cementum
The same procedure was followed to measure cementum permeability.
The relevant values are shown in table 4.12 and the mean value for
Table 4.12: Permeability of two specimens of cementum.
Spec. d h Outw. ∆t ∆P ∆V k
cem
s
[mm] [mm] face [s] [kPa] [mm3] [mm/s]
WLmmI 4.00 2.04 PDL 1800 50 43 7.71× 10
−7
Cem. 1800 50 37 6.63× 10−7
XLddI 4.00 2.17 PDL 1800 50 4 7.65× 10
−8
Cem. 1800 50 2 3.82× 10−8
cementum permeability was
kcems = 3.87× 10−7 mm/s (4.24)
Permeability of the PDL
As mentioned in section 3.7.3 (page 89), due to its geometrical and
structural characteristics, the experimental determination of the per-
meability of the PDL is not an easy task. In fact, the few values found
in the literature come usually from a numerical derivation [94,148].
The results reported in sections 4.4.4 and 4.4.5 led to the conclusion
that the pore volume of the PDL varied as a function of deformation.
As shown by equation 2.42, permeability is in general dependent on
the geometrical dimensions of the pores. Consequently, kPDLs should
as well be a function of the amount of deformation.
An exponential form, based on standard forms used to describe
permeability of soft biological tissues (like inter-vertebral disks [4,131]),
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of kPDLs (e¯), where e¯ = e¯(λ), was proposed and identified via a numerical
model (see section 5.2).
Summary
The permeability values of the three tissues constituting the periodon-
tium were assessed. Whereas for alveolar bone and cementum numer-
ical values could be experimentally obtained, for the PDL an identifi-
cation from a numerical simulation was needed.
Alveolar bone permeability kbones (see equation 4.23) resulted to be
3 orders of magnitude higher than the one of cementum. Its higher
porosity nbone (see section 4.4.6) together with the presence of capil-
lary blood vessels crossing the bone-PDL interface (see section 4.2.1
and [129]), should be the reason for this difference. Explicit values for
it are rarely found in the literature, but comparison with the reported
quantities assessed for cortical bone (ranging from 3×10−6 to 7×10−1
mm/s, [32,68,80,148]) showed the obtained value to be reasonable.
Cementum appeared to be less porous, the only pore spaces being
represented by the dentinal tubules [127] and the rare bovine-specific
soft tissue inclusion [19]. This resulted in a much lower permeability.
Zahng et al. [169] obtained values of higher magnitude than what eval-
uated herein. The difference, however, was explained by the fact that
in their study the cementum surface was treated (by acid etching or
polishing) prior measurements to open free all of the dentinal tubules.
It has been suggested that permeability of the PDL largely de-
pended on porosity, thus on stretch ratio. Such a dependency was
integrated in the numerical model exposed in section 5.2.
Note: The results reported in these last two sections (4.4.6 and 4.4.7)
lead to the following conclusion: for an accurate and realistic modeling
of the PDL, it is necessary to take into consideration the surrounding
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mineralized tissues, i.e., alveolar bone and cementum, to account for the
fluid exchanges between these strictly connected tissues. When trying to
simulate the mechanical behavior of this ligament thus, the periodon-
tium, including alveolar bone and cementum, should be considered as
the elementary unit.
4.4.8 Matrix and fluid contributions
The protocol described on page 91 was followed to establish the contri-
bution of the fluid phase to the mechanical response of the PDL. The
two tests, saturated and blotted, were sequentially performed on 5 spec-
imens. Preconditioning of the tissue (see section 4.4.2) was guaranteed
by performing a 1000 normal loading profile cycles for both testing
conditions. Moreover, relaxation tests were carried out to check for the
tissue’s mechanical integrity during the entire testing procedure.
The response to the 1000nd cycles are shown, for the saturated and
the blotted tests, in figure 4.17.
As shown in figure 4.18, where typical responses to the three relax-
ation tests are reported, the peak (F peak) and tail (F tail) loads were
compared. The differences (average in percent over the 5 specimens) of
the values obtained from rel02 and rel03 to the values of rel01 are given
in table 4.13. Losses in F peak and F tail of about 13% were recorded for
Table 4.13: Differences between relaxation responses during fluid contribution tests.
Parameter
rel02 - rel01 rel03 - rel01
[%±SD] [%±SD]
F peak -12.1±5.3 -13.6±4.7
F tail -13.3±5.5 -15.3±6.0
both rel02 and rel03.
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Figure 4.17: Contribution of the fluid phase to the mechanical response of the PDL:
curves at the 1000nd cycles for the saturated (–o–) and the blotted (–x–) tests.
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Figure 4.18: Typical relaxation responses before saturated (rel01), between saturated
and blotted (rel02) and after blotted (rel03) tests.
Tensile behavior
The nearly perfect graphical superposition of the tensile responses in
the two testing conditions demonstrated that the fluid content played
a minor role during the tension phase. A slight difference was only
noticed for the tensile unloading process, starting at about λ = 1.1
down to λ = 1.0.
The tensile parameters Tt, Et, αtl and αtu were evaluated for the
curves plotted in figure 4.17. In table 4.14 are shown the differences
(average in percent over the 5 specimens) between the saturated and
the blotted parameters.
Beside a decrease of 36.7% (in bold in the table 4.14) in the en-
ergy loss for the blotted with respect to the saturated test, all of the
differences were minimal.
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Table 4.14: Difference in mechanical tensile parameters between saturated and blotted
conditions.
Parameter
sat - blot
[%±SD]
Tt -3.1±3.9
Et -36.7±15.3
αtl -2.1±7.6
αtu 0.9±4.2
Compressive behavior
Important changes were observed during the compressive phase of the
cycle when the pore fluid was squeezed out of the ligament; the clear
hysteresis recorded in the saturated test almost completely disappeared,
and a behavior similar to the one obtained for the tensile phase (i.e.,
pseudo-elastic behavior) was obtained.
The parameters describing the compressive response were compared
for the two testing conditions in the same manner as it has been for
the tensile ones. Table 4.15 relates the variations of Tc, Ec and αcl.
Table 4.15: Difference in mechanical compressive parameters between saturated and
blotted specimens.
Parameter
sat - blot
[%±SD]
Tc -77.8±14.9
Ec -93.7±4.4
αcl 478.7±151.3
All of the differences were clearly significants, with a drastic loss
in Tc and Ec and a dramatic increase of the response non-linearity
coefficient αcl.
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Summary
The influence of the fluid content of the PDL on its mechanical response
to sinusoidal cyclic loading was investigated. Its contribution was found
to be unequal, depending on whether the tissue was in a tensile or a
compressive state.
Relaxation tests certified that the tissue did not suffer any damage
during testing. In fact the difference between the parameters obtained
for rel02 and rel03 were minimal (2% at most, see table 4.13). The 13%
difference of rel02 and rel03 from the first relaxation test was attributed
to the complete lack of preconditioning of the specimens before rel01
was taken.
On the one hand, emptying the ligament of its fluid content did not
affect much the tensile parameters describing the pseudo-elastic be-
havior (the two degrees of non-linearity and the maximal stress), only
the dissipated energy during the loading-unloading process slightly de-
creased.
On the other hand, the fluid phase seemed to play a major con-
tribution during the compressive phase of the cycle. In fact, once the
fluid was blotted out of the tissue, the compressive behavior almost
completely lost its dissipative character in favor of a pseudo-elastic
tensile-like behavior.
It was furthermore established that the viscous behavior reported in
section 4.4.4 strongly depended on the level of saturation of the PDL. In
fact, performing the same test used to investigate the effect of frequency
on a specimen initially in saturated (see figure 4.19a) and subsequently
in blotted (figure 4.19b) conditions, resulted in the dependency of the
compressive response to the loading rate to be less pronounced for the
second case.
In blotted conditions, loading rate dependancies were only observed
for highly compressive states (0.65 < λ < 0.75). These viscous effects
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Figure 4.19: Comparison between the responses to various loading frequencies (100th
cycles) in saturated (a) and blotted (b) conditions.
were likely due to the remaining bounded water that was still trapped
in the ligament’s ground substance.
Note: This kind of test shed light to the phenomena involved in the
mechanics of the PDL. The overall response is the result of the inter-
actions of two distinguished components: a porous solid matrix (i.e.,
collagen fiber, blood vessels, ground substance) and a fluid phase (i.e.,
blood, interstitial water) filling the pore space.
The solid matrix alone showed an almost perfectly non-linear elastic
response, both in the tensile and compressive aspects. The dissipative
process, observed mainly in the compressive response of the PDL, was
found to be principally due to the pore fluid – solid matrix interaction
during the deformation.
4.4.9 Unjacked tests
The mechanical responses of five specimens to the testing profile de-
scribed on page 92 are shown in figure 4.20.
The recorded data were pre-processed as to eliminate the load offset
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Figure 4.20: Effect of fluid pressure: unjacked tests at pressures p=0.0, 0.1, 0.5 and 1.0
MPa.
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due to the sensitivity of the submersible load cell to the environmen-
tal pressure p (see figure 3.9 on page 82). Depending on the level of
the chamber pressure p, the offset load FSLC(p) was subtracted to the
recorded load Fmeas(t) to obtain the net load F (t)
F (t) = Fmeas(t)− FSLC(p) (4.25)
generated by the specimen and used to calculate the stress T (t) =
F (t)/A0, where A0 is the initial PDL cross-sectional area.
Tensile and compressive behaviors
The parameters reported in table 4.16 were evaluated at the 100th cy-
cles of every testing pressure profile. Their relative differences were
assessed and averaged over the five specimens. This comparison clearly
Table 4.16: Unjacked tests: Differences in the mechanical parameters (means and stan-
dard deviation over 5 specimens) between the 100th cycles at the four testing pressure
profiles.
Param.
0.0-0.1MPa 0.1-0.5MPa 0.5-1.0MPa 0.0-1.0MPa
100th 100th 100th 100th
cycles [%] cycles [%] cycles [%] cycles [%]
Tt -0.2±0.9 0.0±2.6 0.1±1.5 -0.1±4.8
Tc -3.5±1.4 -3.6±0.9 -3.8±0.7 -10.5±2.3
Et -2.1±0.5 -5.2±2.3 -2.6±0.9 -9.6±3.2
Ec -1.6±0.5 -3.2±0.5 -3.2±0.9 -7.9±1.6
αtl 0.3±2.1 1.9±1.6 -0.2±0.9 2.0±3.7
αtu -0.5±2.2 -6.0±3.3 1.5±1.6 -5.2±3.8
αcl -0.2±4.9 0.1±5.4 -0.4±2.8 -0.4±10.8
showed that the increase of the chamber fluid pressure did not intro-
duce any significant change in the mechanical response of the PDL. The
progressive softening of the response, enhanced in figure 4.21, recorded
during the compressive phase of the test could thus not be attributed
to the increase of the fluid pressure.
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The last 0.0MPa pressure test (triangles in figure 4.21) showed that
the tendency was inverted, indicating that the change of pressure may
play some role. However, this role can be assessed as not significant,
as a variation of the environmental pressure by a factor 10 induced a
maximal change factor of 1.1 in the measured parameters.
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Figure 4.21: Effect of fluid pressure: enlargement of the responses for the compressive
phase of specimen VLmlI (plot 4.20a). Triangles indicate the response obtained after
the pressure was brought back to 0.0MPa.
Summary
This testing procedure allowed to test the PDL at different environ-
mental pressure levels. The mechanical response not showing any de-
pendance on this parameter, the following observations could be stated.
As it was qualitatively observed in section 4.4.5, the results ob-
tained here quantitatively confirmed that the PDL mainly possess an
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open type of porosity (i.e., the pores in the solid skeleton are intercon-
nected, allowing for the fluid phase to flow through the porous solid
matrix). In fact, if this would not have been the case, an increase of
the environmental pressure would have induced evident changes, both
geometric and mechanical (just like a rubbery balloon decrease in size
and become stiffer when the external pressure is increased). Neither of
these phenomena were observed, and the PDL reacted to a change of
the external pressure as if it was an incompressible material. This was,
however, in opposition with the results reported in section 4.4.5.
For these conditions to coexist, the only possible explanation was
that the pores of the PDL were directly connected with the environmen-
tal pressurized fluid, so that the pore pressure could equal the external
pressure without any geometrical changes. The PDL thus behaved in
a very similar way to what is observed for soils or materials presenting
an open type of porosity in general. In fact, the principle of effective
stress proposed by Terzaghi [152] (see also section 2.3.2, page 49) to
describe the mechanical behavior of porous soils, was verified by the
reported results.
Von Terzaghi found that any change in p produced practically no
volume changes and had practically no influence on the stress conditions
for soil failure. In this same way, the results of this work showed that
the pore fluid pressure did not produce any volume changes nor modify
the mechanical response of the fibrous matrix. Interestingly, based on
Terzaghi’s findings, Skempton [133] reported that all measurable effects
of change of stress (e.g., compression, distortion) were exclusively due
to changes in the effective stress, operating on the solid matrix.
4.4.10 Jacked tests
The multiaxial loading of the PDL was obtained by wrapping the cylin-
drical specimen in a thin tubular membrane and by simultaneously
applying axial displacement and lateral pressure to it.
The contribution of the membrane to the response to sinusoidal
tests needed thus to be firstly quantified.
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The three testing protocols described on page 93 were then executed
on five specimens. Only four of them were retained, the fifth being
discarded due to the failing of the sealing system during pressurization.
Since the specimens all showed similar results (see appendix D), as a
matter of clarity, only the curves obtained for the specimen WRdbI are
presented in this section.
The data were pre-processed in the same way as explained for the
unjacked tests (see page 141) as to eliminate the load offset due to the
sensitivity of the submersible load cell to the environmental pressure p.
Contribution of the membrane
Figure 4.22 shows the responses (stress versus stretch ratio) at the
1000nd normal profile cycles of a specimen tested both without (solid)
and with (dashed line) the tubular membrane wrapped on it. The re-
sponse of the membrane alone is also superposed (open circles).
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Figure 4.22: Contribution of the membrane to the mechanical response.
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The differences in the parameters reported in table 4.17 between
the tests without and with membrane (means and standard deviations
over 4 specimens) showed that the contribution of the membrane was
negligible for all the parameters except for the maximal tensile stress
Tt, which slightly decreased. This observation was in opposition with
what one could expect; as shown by the open circles, the addition of
the thin layer of rubber should have slightly increased the stiffness of
the specimen, increasing thus the maximal stress reached for a given
maximal stretch ratio.
Table 4.17: Differences in mechanical parameters between tests with and without mem-
brane.
Parameter
with - without
membrane [%±SD]
Tt -36.4±0.8
Et 13.0±17.1
Tc 1.8±6.1
Ec 4.8±11.5
αtl -1.2±15.8
αtu -1.5±12.8
αcl 7.4±13.6
The recorded opposite tendency was attributed to the manipula-
tions to which the specimen was subjected in order to modify its level
of saturation and complete the jacked tests; to allow for the membrane
to be rolled and unrolled over the specimen indeed, the proximity bear-
ing (part number 8 in figure 3.8 on page 79) could not be used during
this type of test. Thus, when the chamber was first opened after the
Prec. test (see table 3.4 on page 94) to unroll the membrane over it, the
specimen could have been slightly sheared, tearing the fibrous matrix
and resulting in the slight loss of maximal stress Tt.
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Over saturated test
Figure 4.23 shows the responses to the over saturated conditions at the
cycles defined on page 94 and pressures levels 0.0, 0.1, 0.5 and 1.0MPa
for specimen WRdbI.
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Figure 4.23: Over saturated test: the volume of pore fluid contained in the ligament was
maximized prior sealing of the specimen and subsequent pressure increase. No apparent
influence of pressure level on the mechanical response was observed.
As observed for the unjacked tests (see section 4.4.9), the variation
of pressure seemed to have very little influence on the mechanical behav-
ior of the ligament in these specific conditions. In fact, the comparison
of the parameters reported in table 4.18 (average and standard devia-
tion values over the 4 specimens) for the four pressure levels confirmed
that the variations were negligible. The few differences recorded for the
tensile parameters slightly exceeding the 20% (boldfaced), were in line
with the results reported for the saturated and partially saturated tests
(see further in this section).
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Table 4.18: Differences in mechanical parameters (means and standard deviation over 4
specimens) between the 100th cycles of the four testing pressures for the over saturated
conditions.
Param.
0.0-0.1MPa 0.1-0.5MPa 0.5-1.0MPa 0.0-1.0MPa
100th 100th 100th 100th
cycles [%] cycles [%] cycles [%] cycles [%]
Tt -0.3±6.9 15.5±15.1 5.3±5.6 21.6±20.8
Tc 2.1±4.2 -3.9±2.2 -2.1±1.5 -3.9±3.6
Et 5.3±11.8 13.5±5.9 1.0±4.3 21.3±21.4
Ec -3.5±3.2 -2.7±2.2 -1.7±1.0 -7.7±2.0
αtl -4.0±5.8 -24.8±19.3 0.6±15.5 -28.0±20.8
αtu -2.1±2.2 -1.8±4.5 -2.2±3.3 -6.0±6.2
αcl -4.3±8.4 -0.3±0.7 -1.8±4.8 -6.3±8.8
Since the PDL was saturated with saline when in its maximal stret-
ched configuration (λ = 1.35), the quantity of fluid confined within the
membrane during testing, was sufficient to fill the totality of the pore
volume throughout the entire cyclic test. At λ = 1.35 all the fluid was
filling the pore volume of the ligament. During the tensile unloading
and the compressive loading phases of the cycles (i.e., for λ˙ < 0) the
pore volume of the PDL decreased and the exceeding fluid, squeezed out
of it, could take place between the specimen and the sealing membrane.
This generated a sort of fluid reservoir which could be drawn back in the
tissue during the compressive unloading and the tensile loading (λ˙ > 0)
phases of the cycles. The changes of the environmental pressure were
thus transmitted via the membrane to the incompressible trapped fluid,
which completely filled the pore space at every instant of the cycling.
These conditions actually corresponded to the ones created for the
unjacked tests (see section 4.4.9), but with the presence of the mem-
brane. The obtained results were thus very similar.
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Saturated and partially saturated tests
A fraction of the fluid contained in the over saturated PDL was then ex-
tracted following the procedure described on page 94. For the saturated
test, the volume of fluid contained in the specimen was the quantity
allowed to fill its pore volume when in its zero state.
Figure 4.24a shows the results obtained for such conditions, applied
to the same specimen WRdbI. It was evident that the changes in the
level of lateral pressure altered the (mainly tensile) mechanical response
of the ligament.
In fact, in this case, the volume of fluid available within the mem-
brane was not sufficient to completely fill the pore volume throughout
the cycles. Only during the compressive phase the fluid volume was
enough to fill all the pore space, and even create the fluid reservoir, as
it was in the case of the over saturated test; the response did not vary
much depending on the external pressure. This reservoir, however, was
not enough to fill all the pore volume during the tensile phase. Thus, to
guarantee equilibrium between external and internal water pressure, the
compressible fibrous matrix underwent lateral deformation. The change
in the geometry induced therefore modification of the axial stiffness of
the specimen; the resulting effective stress T ′ only carried by the solid
matrix clearly increased from the instant when lack of fluid forced a
lateral neck-in (see also the video-recordings in the Jacked folder in the
CD-ROM).
These phenomena were more pronounced in the case of partially
saturated conditions (figure 4.24b), where the available fluid volume
within the ligament was minimized. In these conditions the 0.0MPa
test approached the behavior recorded for the blotted conditions (see
figure 4.17); if the tensile phase did not show significant changes, the
compressive one lost its clear hysteretic behavior.
In the case of higher pressure levels, the same processes exposed
above were observed, showing up for this cases at lower stretch ratios.
The reservoir was practically absent and the compressive phase was
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Figure 4.24: (a) Saturated test: volume of pore fluid at the PDL zero state (λ = 1).
(b) Partially saturated test: volume of pore fluid at λ = 0.65. The pressure level had
an evident influence on the mechanical response.
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also affected by the changes of external lateral pressure.
Summary
It has been shown that the level of pore pressure did not affect by itself
the mechanical response of the solid matrix of the ligament. Indeed, it is
the combination of both level of saturation and fluid pressure that had
a strong influence on the mechanical response to sinusoidal loadings.
On the one hand, when the pore fluid available during the me-
chanical loading of the PDL was enough to fill its pore volume for all
deformed states, the stresses sensed by solid matrix did not vary much.
On the other hand, a lack of pore fluid caused, depending on the ap-
plied lateral pressure, more or less marked changes on both tensile and
compressive responses.
Since a direct quantification of these changes is out of the scope of
this work, a more qualitative description was given. To this end, to
complete the series of plots reported above, the corresponding curves
obtained for the specimen WRdbI were grouped by pressure level an
plotted in the graphs reported in figure 4.25 (refer to Appendix D for
the curves obtained from the other specimens).
In plot 4.25a (0.0MPa) the results showed similar trends to those
observed in the investigation on the fluid contribution to the mechanical
response of the PDL: the smaller the quantity of fluid in the ligament,
the lower was the lost of energy during compression. The tensile part
of the cycle was unaffected.
From plot 4.25b (0.1MPa) it was observed that an increase of lateral
pressure induced a slight increase of the stiffness of the specimen in the
zero region in the case of saturated and partially saturated conditions.
This was evident at higher lateral pressures (0.5MPa, plot 4.25c and
1.0MPa, plot 4.25d), where the stiffness of the PDL showed clearly an
increase around the zero state for the saturated (dashed line) and for
even lower stretch ratio values in the case of partially saturated (dotted
line) conditions.
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Figure 4.25: Effect of saturation: each plot show the curves recorded at a pressure level
but for three different level of saturation.
Moreover, plots 4.25c and 4.25d show that, above a certain value
of λ (in this case for λ & 1.2) the responses to saturated and partially
saturated conditions were superposed. Thus, it was suggested that the
stress state of the PDL was comprised between two limiting cases:
• the over saturated case, for which the response was independent
on the level of pore pressure;
• the fully dried case, for which the stress state depended on the
level of fluid pressure.
The states in between are obtained by modification of the saturation
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of the PDL.
The hypothesis that the increase in solid matrix effective stress and
stiffness, when in partial saturated conditions, could be among the re-
sponsible processes of dental mobility was put forward. In fact, during
orthodontic loadings a region of the PDL is in general subjected to
high compression, such that only few space is left for the fluid phase
(e.g., blood and interstitial ECM water). Any additional loading ap-
plied in these conditions (e.g., due to mastication or speaking) can thus
introduce abnormally high variation of stress in this region of the PDL,
which, by inflaming (i.e., swelling) tries to reestablish a physiological
situation. Perhaps, activity of cells responsible for bone resorption
(i.e., osteoclasts) is promoted by the combined effect of lack of fluid
and loading perturbations.
In PDL regions subjected to tensile stress, instead, growth of alveo-
lar bone, regulated by osteoblast activity, is probably mainly caused by
the stress state induced in the alveolar bone by the stretched collagen
fibers.
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Numerical Simulations
Clever people needn’t be good; they can simulate
Anonymous
A finite element (FE) model of the periodontium was developed within
the theoretical framework reported in chapter 2. The results of the
simulations were then compared to the experimental observations de-
scribed in chapter 4. Firstly, the material parameters describing the
behavior of the solid matrix of the periodontium, emptied of its fluid
content, were identified (section 5.1). Secondly, the fluid contribution
to the mechanical response was accounted for by adding porosity and
permeability properties to the solid matrix model (section 5.2).
All the modeling was developed using the software package ABA-
QUS® 6.7 (Simulia, Rhode Island, USA) [55]. As pointed out in chap-
ter 2, the modeling was based on already build-in constitutive behav-
iors, as the development of original laws was beyond the scope of this
work.
For the FE model developed herein, the phenomena observed due to
lateral confinement and partial saturation of the ligament (see section
4.4.10) were not considered.
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5.1 The solid matrix
As established in section 4.4.8 (136), the mechanical response of the
periodontium could be attributed to the interaction between a porous
solid skeleton and the fluid flowing through its pores (see figure 4.17).
Experimental results further showed that the solid matrix of the PDL,
emptied of its fluid content, behaved as a
• porous (section 4.4.6)
• compressible (section 4.4.5)
• hyperelastic (section 4.4.8) material.
As opposed to the response including the fluid contribution, hyper-
elasticity could be assumed for both tensile and compressive loadings.
In fact, the highly dissipative process observed in the case of fully satu-
rated specimens, nearly completely vanished when the PDL was tested
in blotted conditions (refer to section 3.7.3 for definition). Furthermore,
still in the case of blotted conditions, the strong dependence of the re-
sponse on the loading rate was much less pronounced. Based on these
considerations, the assumption that the solid matrix of the PDL do not
posses viscous behavior was made.
5.1.1 Model of the solid matrix
In general terms, the construction of a FE model requires the definition
of (i) the geometry of the specimens, (ii) the mechanical behaviors of
all of the materials involved, (iii) the spatial discretization (mesh) of
the specimens’ volume and (iv) appropriate boundary conditions.
(i) Geometry
The geometry for the numerical model was based on the dimensions of
the specimens that were used to test the contribution of the solid matrix
alone (i.e., in blotted conditions) to the total mechanical response of
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Table 5.1: Geometry of the specimens used for the numerical models. d: diameter; w0:
PDL width; lbone: length of bone part; lcem: length of cemento-dentin part (see figure
5.1 for details).
Specimen
d w0 lbone lcem
[mm] [µm] [mm] [mm]
VLdbI 5.78 805 1.5 1.5
VldbII 5.85 678 3.0 1.5
VLdlI 5.81 579 2.0 2.5
VRdlI 5.75 628 1.5 2.0
WLddI 5.81 638 2.0 2.5
Avrg 5.80 666 2.0 2.0
the periodontium (section 4.4.8, page 136). The values measured for
these specimens are reported in table 5.1, where a geometry obtained
by averaging the dimensions of the 5 specimens (Avrg) is assessed.
Simulations were performed for all of these specimen geometries.
(ii) Mechanical behaviors
The two mineralized tissues were modeled as linear elastic materials,
since no damage nor remodeling phenomena were involved in the ex-
perimental testing. Parameters for alveolar bone and cementum were
retrieved form the literature [39, 57, 86, 94, 103, 120, 148] (see also table
1.1, page 28) and the retained values are reported in table 5.2.
Table 5.2: Material constants (Young’s modulus E and Poisson’s ratio ν) for bone and
cementum.
material E [MPa] ν
alveolar bone 345 0.31
cementum 15000 0.31
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Note: as discussed in chapter 2, the hypotheses of material homogene-
ity (identical mechanical properties in all material points) and isotropy
(identical mechanical properties for all testing directions) were assumed
for all the periodontal tissues.
In a recent study on the hyperelastic behavior of the PDL [130], it
has been shown that, among several strain energy potentials, Ogden’s
potential (with N = 3) provided the best fit of the tissue’s response
to both tensile and compressive loadings. Based on this potential, the
hyperfoam (hyperelastic behavior for elastomeric foams) strain energy
potential (see chapter 2, equations 2.35 and 2.36), proposed among
the ABAQUS [55] material behaviors library, was thus chosen as, in
addition, it allowed for compressibility. This potential is defined as
W =
N∑
k=1
2
µk
α2k
[
λαk1 + λ
αk
2 + λ
αk
3 − 3 +
1
βk
(J−αkβk − 1)
]
where λi, i = 1, 2, 3, are the principal stretch ratios, µk, αk and βk are
material constants (to be identified) and N is a positive integer defining
the order of the strain energy potential. As pointed out in section 2.2.4,
the material constants are related to the initial shear modulus µ0 and
to the Poisson’s ratios νi via
µ0 =
N∑
i=1
µi and νi =
βi
1 + 2βi
(5.1)
In this approach, the case N = 1 was considered. In such a sit-
uation, the constants (omitting the indices) µ, α and β have a direct
physical meaning: µ represents the initial shear modulus and is identi-
fied as the slope of the stress-stretch ratio curve at the origin (i.e., for
λ = 1.0); α describes the degree of non linearity of the curve; ν (related
to β via equation 5.1) corresponds to the material’s Poisson’s ratio.
The material behaviors chosen for the periodontal tissues, with the
corresponding material constants, are shown in table 5.3.
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Table 5.3: Mechanical behaviors and corresponding material constants for bone, PDL
and cementum.
material behavior constants
bone linear elastic Ebone, νbone
PDL hyperfoam µ, α, ν
cementum linear elastic Ecem, νcem
(iii) Mesh
The geometry of the specimens, the assumed homogeneity and isotropy,
and the considered loading case, allowed for an axisymmetric formula-
tion of the problem, which was based on 4-node bilinear axisymmetric
quadrilateral elements (type CAX4).
A total, 3760 elements (1200 for both bone and cementum parts
and 1360 for the PDL), corresponding to 3889 nodes, were used. The
design of the mesh (see figure 5.1) was fine and uniform for the PDL
and gradually coarse towards the extremities of the specimen.
(iv) Boundary conditions
The boundary conditions to which the specimens were subjected during
the experimental tests, were integrated into the numerical model. The
base of the cementum portion was held fix, while the displacement
(1 cycle of a sinusoidal wave of frequency f = 1.0Hz and amplitude
A = 0.35w0) was imposed to the base of the bone part (see figure 5.1).
5.1.2 Identification of µ, α and ν
Table 5.3 shows all the material constants that need to be known for
the modeling of the solid matrix behavior. Among these, the three
parameters defining the behavior of the PDL remained to be identified.
To obtain the optimal set of parameters sopt = (µ, α, ν) which best
fitted the experimental curves, the non-linear least squares method was
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C
Figure 5.1: Geometry, mesh and boundary conditions for the numerical models. This
1/4 of cylindrical specimen was obtained from the revolution of the transversal section
(defined by the dimensions lbone, w0, lcem and d/2) around the axis of symmetry (dashed
line). The base of the cementum (C) was held fix and the axis of symmetry not allowed
for radial displacements. The displacement was uniformly applied (arrows) to the bone
extremity (B).
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used. Given an initial set of parameters s0 = (µ0, α0, ν0), its successive
refinement was obtained iteratively by minimizing the value of
Si =
∑
t
(ERRi(t))2 (5.2)
representing the sum of the norms of the errors between experimental
and simulated data for the ith iteration of the identification procedure.
ERRi was defined as the difference between the simulated load FFEi(t),
obtained with the parameter set si = (µi, αi, νi), and the recorded load
FEXP (t), normalized by the maximal recorded load Ft (see figure 5.2)
ERRi =
FFEi(t)− FEXP (t)
Ft
(5.3)
Successive sets si+1 were assessed as si+1 = si + ∆si, where the
shift vector ∆si was calculated via the Levenberg-Marquardt algorithm
(based on the steepest descent criterion). The optimal set sopt was
obtained when ‖∆si‖ < 10−3.
The responses obtained from the five specimens, and their average
curve, were used as objective data for the identification procedure.
Note: This iterative procedure was carried out with the non-linear least
squares problem solver (lsqnonlin) of the software package Matlab®
(The MathWorks, Natick, Massachusetts, USA).
5.1.3 Results
The experimental and simulated responses in the case of the specimen
VLdbI are shown in figure 5.2 (the plots for the other specimens can
be found in the appendix E).
The compressible hyperelastic model proposed herein proved thus
to be adequate for the description of the mechanical behavior of the
solid matrix of the PDL, when emptied of its fluid phase.
161
CHAPTER 5. NUMERICAL SIMULATIONS
- 0 . 2 0 . 0 0 . 2
0
2 0
4 0
6 0
8 0
 e x p e r i m e n t a l  d a t a F E  m o d e l
 
 
load
 [N]
d i s p l a c e m e n t  [ m m ]
V L d b I
C o m p a r i s o n  E x p e r i m e n t a l  d a t a - F E  s i m u l a t i o nF t
Figure 5.2: Comparison between the experimental data and the numerical simulation for
the solid matrix response.
Solving strategy
The resolution of non-linear equilibrium equations was based on the
Newton’s method, allowing for a fast convergence to the solution [55].
Moreover, to obtain sufficient accuracy, a maximal time increment of
∆t = 0.01s (resulting in a minimum of 100 steps per cycle) was chosen.
Since the hyperfoam model is not intrinsically stable for all com-
bination of parameters, the limiting loading configurations for which
the model became unstable were checked via the Drucker stability cri-
terion. Among all the checked loading conditions tested numerically,
restrictions were only found in the case of biaxial and volumetric com-
pressions, for which the nominal strain and the volume ratio had not
to be less than -0.44 and 0.57, respectively. The maximal axial com-
162
5.1. THE SOLID MATRIX
pression imposed to the model being of 35%w0, these limits were not
exceeded.
Values of µ, α and ν
The values obtained from the identification procedure on the five speci-
mens, plus the average specimen Avrg, are reported in table 5.4. Mean
Table 5.4: Material constants of the PDL for the five and for the average specimens.
Specimen µ [MPa] α ν
VLdbI 0.001348 50.17 0.29
VldbII 0.001205 49.01 0.31
VLdlI 0.001476 32.07 0.28
VRdlI 0.001832 48.12 0.31
WLddI 0.001074 32.85 0.31
Avrg 0.001502 35.21 0.29
mean 0.014±18.8% 41.24±21.1% 0.30±4.5%
values and standard deviations (in percent) are also shown.
Sensitivity
The sensitivity to the initial parameter set s0 was also tested to verify
the existence of a unique set of parameters for which the error was
minimized. To this end, three different sets of initial values were tested.
The values of µ, α and ν obtained for the specimen WLddI were varied
as reported in table 5.5 (variation in % of the original values) to obtain
the three sets of initial parameter (––, –○– and –4–).
The evolution of these values with the number of subsequent iter-
ations is shown in figure 5.3. All of the parameters converged after a
few iterations towards the original set of values. The confidence inter-
vals, calculated as percent deviation from the original parameter values
shown in table 5.4 for WLddI, were of ±13.6%, ±1.5% and ±0.4% for
µ, α and ν, respectively.
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Table 5.5: Initial set of material parameters for the sensitivity test. Values are percent
of the values reported in table 5.4 for WLddI. See also figure 5.3
µ α ν
WLddI [%] [%] [%]
–– 93 61 97
–○– 140 122 101
–4– 47 31 83
It can be noticed how ν converged only once the parameters µ and
α reached their final values.
5.2 The solid matrix - pore fluid coupling
The numerical model described for the identification of the material
parameters of the PDL’s solid matrix was modified to account for the
fluid phase. To this end, the Transient consolidation parameter of the
*Soils option of ABAQUS was used. Such an analysis required the
definition of the parameters describing a porous matrix filled with a
fluid phase: porosity, permeability and fluid mechanical properties had
to be included in the model for all of the involved tissues.
In this study, the saturated conditions (refer to page 91) were im-
posed as environmental conditions for the numerical model.
5.2.1 Model of the saturated periodontium
The same scheme presented in section 5.1.1 is followed for the descrip-
tion of the porous model.
(i) Geometry
The geometry for the porous model was obtained as the average over
the dimensions of 17 specimens which were all tested with the same
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Figure 5.3: Convergence towards the unique solution (dotted line) of µ (a), α (b) and ν
(c) for three sets of initial values (specimen WLddI). Legends indicate the the difference
of the initial values with respect to the values shown in table 5.4 for specimen WLddI.
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normal loading profile and saturated conditions. The values obtained
are reported in table 5.6.
Table 5.6: Geometry of the specimens used for the porous model. d: diameter; w0:
PDL width; lbone: length of bone part; lcem: length of cemento-dentin part.
Specimen
d w0 lbone lcem
[mm] [µm] [mm] [mm]
Average 5.80 585 2.0 2.0
(ii) Mechanical behaviors
The same mechanical behaviors, i.e. elastic for bone and cementum
and hyperfoam for the PDL, used for the solid matrix, were kept for
the porous model. In addition, porosity and permeability properties
were defined for the three materials.
In ABAQUS, the porosity n is expressed via the void ratio e¯ defined
as
e¯ =
n
1− n (5.4)
The values of n (see table 5.7) were obtained from the literature for
bone and cementum [9, 31, 115, 149, 153] , and measured for the PDL
(section 4.4.6).
Table 5.7: Porosity n and corresponding (see equation 5.4) void ratio e¯ for bone, PDL
and cementum.
material n e¯
bone 0.2 0.25
PDL 0.69 2.33
cementum 0.04 0.04
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Permeability defines the ease with which a fluid can percolate throu-
gh a solid matrix. As shown by Darcy’s law (equation 2.41), the flow
q depends on the permeability tensor k, which, assuming isotropy, is
completely defined via a permeability constant k. Furthermore, per-
meability can depend on porosity n via the Kozeny-Carman equation
2.42. Thus, when porosity changes occur during mechanical deforma-
tion, permeability is affected.
Compared to the PDL, bone and cementum both undergo very small
strains. Their porosity was then assumed to be constant during load-
ing. The permeability values, measured as hydraulic conductivity ks in
section 4.4.7 (remind that ks = k · γw, where γw is the specific weight
of the wetting fluid), were retained as constant for bone and cementum
(see table 5.8).
Table 5.8: Permeability values for bone, PDL and cementum.
material ks [mm/s]
bone 5.27× 10−4
PDL ks(e¯)
cementum 3.87× 10−7
For what concerns the PDL, however, due to its high compressibil-
ity and large deformation capabilities, porosity, thus void ratio, was as-
sumed to vary during mechanical loading. It has been experimentally
proved that, for soft tissues, permeability is highly strain-dependent
when finite deformations are involved [59]. Exponential constitutive
laws relating ks to e¯, of the form
ks(e¯) = k0
[
e¯(1 + e¯0)
e¯0(1 + e¯)
]
exp
[
M
(
1 + e¯
1 + e¯0
− 1
)]
(5.5)
where k0 and e¯0 are the permeability and the void ratio at zero strain,
respectively, and M a material constant, have been proposed [4, 131].
Since the difficulties encountered in the experimental determination of
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the permeability of the PDL, the constant k0 and M had to be iden-
tified with the numerical model, with e¯0 corresponding to the value
reported in table 5.7 for the PDL.
Eventually, the model required the definition of the specific weight
of wetting fluid, which, for simplicity, was that of water at room tem-
perature
γw = 9.965× 10−6 N/mm3 (5.6)
(iii) Mesh
The backward difference operator, used in ABAQUS for the integration
procedure in consolidation analyses, introduces a relationship between
the minimum usable time increment ∆t and the element size ∆l [55]
∆t >
γw
6Ek
∆l2 (5.7)
where γw is the specific weight of wetting fluid, E is the Young’s mod-
ulus of the porous material and k is its permeability. The backward
difference operator provides unconditional stability, so the only concern
with respect to time integration is the accuracy, unless non-linearities
cause convergence problems [55]. Provided the time increment is suffi-
ciently large, a unique solution is obtained. If smaller time increments
are needed, as it was for the present case, spurious oscillations (non-
physical artifacts) may appear in the solution, leading to convergence
problems. In this case, a finer mesh is required. This restriction re-
sulted in the mesh shown in figure 5.4 (also used for the solid matrix
model of section 5.1.1).
Concerning the type of element, a 4-node axisymmetric quadrilat-
eral, bilinear displacement, bilinear pore pressure element (CAX4P) was
chosen.
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(iv) Boundary conditions
In addition to the boundary conditions used for the solid matrix model,
a fluid pressure of p = 0.0MPa was imposed on the external surface of
the specimen (see figure 5.4). Moreover, the imposed displacement cor-
responded to a 2 cycles of normal loading profile. Only the response
curve obtained from the second cycle was used for the comparison with
the experimental data. The reason for this, was that, during the begin-
ning of the tensile loading of the first cycle, the porous model showed
a transient response which vanished for the subsequent loading cycles.
5.2.2 Identification
It soon became evident that the strong (material and geometrical) non-
linearities of the problem were important drawbacks for the convergence
of the calculation. Indeed, by keeping the parameters identified for the
hyperfoam solid matrix (section 5.1.3), and by imposing to the model a
normal loading profile, the calculation could not converge. Difficulties
in the resolution of the coupled hydro-mechanical equilibrium equations
(refer to equations 2.58 – 2.61) were mostly encountered during the
transition from the compressive to the tensile phase (i.e., around the
end of the 1st or the beginning of the 2nd cycle).
The shear modulus µ, which defined the initial slope of the curve
(were convergence problems were encountered), was thus increased until
convergence of the calculation was obtained. The two other parameters
of the hyperfoam model (i.e., α and ν) were adjusted to still obtain a
good match between experimental and simulated data.
Moreover, only an averaged response (see figure 5.5), calculated
over 17 specimens (all subjected to the same normal loading profile in
saturated conditions) was used as experimental curve to be identified.
Indeed, such a mean curve presented less severe conditions, in terms
of maximal and minimal loads reached during the tensile-compressive
cycles, so that an initial set of parameters, for which stability was ob-
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Figure 5.4: The geometry, mesh and boundary conditions were the same of the ones
used for the solid matrix model. In addition, a fluid pressure p = 0 was imposed on the
external surface of the specimen (bold dashed line).
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Figure 5.5: Experimental mean curve and standard deviation (bars) for identification of
solid-fluid model parameters.
tained, was more easily identified.
The same procedure described in section 5.1.2 was then used for the
identification of the parameters defining the porous model. 5 param-
eters (the 3 defining the hyperfoam behavior and k0 and M defining
the permeability function 5.5) were identified. During the iterative pro-
cess, however, occasional instability, generally at some time increment
around the compressive-tensile transition, occurred for some combina-
tion of parameters, causing the iterative optimization process to fail.
Although Drucker stability criterion was still globally satisfied, local
instabilities were probably the cause of such a behavior. Sensitivity to
the initial set of parameters could thus not be achieved.
171
CHAPTER 5. NUMERICAL SIMULATIONS
5.2.3 Results
The experimental (average of the response of 17 specimens) and the
simulated curves are shown in figure 5.6. The calculated curve was
obtained from an identification procedure for which the optimization
process was completed.
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Figure 5.6: Experimental mean curve – Numerical solution comparison for the solid-fluid
model.
It was noticed that the calculated response, well within the experi-
mental standard deviation limits, fitted reasonably well the experimen-
tal curve. The tensile-compressive dissimilarities were well captured by
this model based on hydro-mechanical coupling.
As a consequence of the forced increase of the initial shear modulus
µ, needed for stability reasons, the tensile phase of the response was in
general overestimated by the model. For the early compressive loading
phase, instead, the response was underestimated. In this case, the
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difference could be attributed to both the lack of viscoelastic properties
and to the shape of the permeability function (see below).
Solving strategy
In non-linear problems, the objective is to obtain convergence of the
solution with a minimal computational cost. As default, ABAQUS uses
the Newton’s method [55] to solve non-linear equilibrium equations. The
main advantage in using this method reside in its quadratic convergence
rate. Nevertheless, for models with large number of degrees of freedom,
the computational effort that this method requires is important. In fact,
the Jacobian matrix of the system needs to be formed and solved at
each iteration.
An alternative to this method is the quasi-Newton method. In this
solving strategy, the jacobian matrix is only occasionally completely
calculated, but rather updated along iterations, such that it approaches
its exact value as the iterations proceed. The method proposed in
ABAQUS (the BFGS method, see [55]) is computationally inexpensive
for the jacobian matrix updates as it results in simple inner products
of vectors.
Furthermore, the robustness of the quasi-Newton’s method can be
improved by the use of the line search algorithm. When large residuals
are obtained during the equilibrium iterations, this algorithm applies a
scale factor to the computed solution correction, helping thus to prevent
divergence.
Thus, quasi-Newton’s method and line search algorithm were used
for the resolution of the equilibrium equations.
Values of the material parameters
The material parameters used to obtain the curve shown in figure 5.6
are reported in table 5.9. The permeability curve, resulting from the
relation 5.5, is illustrated in figure 5.7.
In a comparison of numerical simulations and experimental results,
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Table 5.9: Material parameters identified for the porous model. The fluid specific weight
was γw = 9.965 N/mm for all of the defined materials.
E µ α ν e¯0 k0 M
[MPa] [MPa] [—] [—] [—] [mm/s] [—]
bone 345 — — 0.31 0.25 5.27× 10−4 —
PDL — 0.030 20.9 0.257 2.33 8.78× 10−5 14.2
cem. 15000 — — 0.31 0.04 3.87 ×10−7 —
Natali et al. [94] evaluated kPDLs in the order of 10
−4 to 10−3 mm/s.
This study was however limited to small strains only and kPDLs was
considered as constant with stretch ratio, thus with porosity. Other
works [4,131,156] on similar tissues (e.g., inter-vertebral disk) reported
permeability values ranging from 10−9 to 10−5 mm/s. The work by van
Driel et al. [148] also proposed PDL permeability values from numerical
identification. The best results were obtained by assigning a permeabil-
ity of 10−7 mm/s to 21% of the ligament volume, and a permeability
of 10−10 mm/s to the remaining volume.
As noted, the values of the permeability function obtained herein
were in line with the values proposed in other study.
Evolution of void ratio and fluid velocity
The evolution in time, over the second loading cycle, of the imposed
displacement and of the calculated load response are plotted in figure
5.8a. Figure 5.8b shows the corresponding evolutions of the maximal,
mean (average over all the PDL elements) and minimal void ratio values
of the PDL.
In average, the void ratio of the PDL was proportional to the dis-
placement and varied in a sinusoidal manner around a mean value of
e¯0 = 2.33 and with an amplitude of A = 1.10. By looking to the ex-
trema values, however, rapid fluctuations of e¯ could be observed for
1.06 < t < 1.10 and 1.55 < t < 1.65. The flux exchanged between the
PDL and the surroundings, also showed rapid variations at these same
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Figure 5.7: Permeability function for the PDL.
time ranges (see in the Fluid Flow folder in the CD-ROM), and the
calculation required further reduction of the time increment to obtain
convergence.
Fluid velocity profiles are reported in figure 5.9 at 5 different times
along the second loading cycle. In these schemes, only the boundaries
of the PDL with alveolar bone (upper), cementum (lower) and environ-
mental water (right boundary) are presented. It can be noticed how
the fluid exchange between PDL and alveolar bone was remarkable,
whereas exchanges with cementum were practically negligible.
In the early steps of the tensile loading phase (figure 5.9a), in fact,
the increasing PDL pore volume was filled with fluid coming from the
bone portion. Subsequently, at about the maximal extension (5.9b), the
main fluid flow came directly from the external environment (through
the right boundary), from where it was equally expelled during the
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Figure 5.9: Fluid velocity at different times during the second cycle of the FE model.
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tensile unloading phase. Approaching the tensile-compressive transi-
tion (5.9c) the external surface of the PDL progressively diminished
and its fluid expelling capacity reduced. The excessive fluid was thus
forced back into the bone until maximal compression (5.9d). During
the unloading process of the compressive phase (5.9e), the fluid flow
between PDL and bone gradually inverted and eventually the situation
of figure 5.9a was recovered.
Effect of loading frequency
The response of the model was also evaluated for the different load-
ing frequencies used in the experiments (i.e., 0.1Hz, 0.5Hz, 1.0Hz and
1.5Hz). The experimental curves and the calculated responses are com-
pared in figure 5.10 (figure 5.10a recall the experimental curves of speci-
men URdbI —from figure 4.14— for comparison). With the set of mate-
rial parameters given in table 5.9, the calculation could easily converge
for the frequencies 0.1 to 1.0Hz, but instability occurred for 1.5Hz load-
ing frequency. It was nevertheless noticed that the behavior observed
during the experiments was well captured by the model. Indeed, while
the tensile response was practically unaffected by the loading rate, the
compressive part highly depended on it.
By evaluating, for the different numerical responses, the differences
in the compressive parameters Tc and Ec (the maximal compressive
stress and dissipated energy), and comparing them (table 5.10) with
the ones obtained for the experimental curves (also in table 4.8), it can
be observed that the model underestimated the compressive response.
In fact, the differences between the calculated responses were at least
twice as big as the measured ones. This difference can be attributed to
the complete lack of time-dependent properties (viscoelasticity) in the
proposed model of the solid matrix.
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Table 5.10: Comparison of the differences in the mechanical parameters obtained at
different testing frequencies for experimental and simulated curves. Note: the calculation
at 1.5Hz did not converge.
Param.
0.1-0.5Hz 0.5-1.0Hz 1.0-1.5Hz
[%] [%] [%]
Experimental
Tc 106.8 44.9 27.1
Ec 125.4 48.8 27.6
Numerical
Tc 215 92 —
Ec 532 90 —
5.2.4 Summary
The two numerical models presented herein allowed for a good repre-
sentation of the mechanical behavior of the periodontium when tested
in two different environmental conditions:
• The mechanical response of the solid matrix emptied of its fluid
phase (i.e., blotted conditions) was successfully modeled by con-
sidering the bone and cementum parts of the specimen as linear
elastic materials and the PDL layer as a compressible hyperelastic
medium. All of the tissues were considered as homogeneous and
isotropic.
• The fluid contribution to the response was then integrated by
extending the solid matrix model to a coupled hydro-mechanical
problem. Equilibrium equations and constitutive relations for
the fluid phase were included in the model and parameters such
porosity and permeability were added for all of the periodontal
tissues.
In spite of some instability problems, this model furnished a good
qualitative description of the mechanical response of saturated
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specimens. In fact, characteristics like large tensile-compressive
asymmetries and important compressive strain rate dependency
were well captured within this theoretical framework.
As clearly shown in figure 5.9, important fluid exchanges at (i)
the PDL-bone and (ii) the PDL-environment boundaries were ob-
served. On the one hand, the first exchanging interface well de-
scribed the possible in-vivo fluid flow occurring between PDL and
alveolar bone in reason of the so called perforating arteries, al-
lowing for the PDL blood supply. On the other hand, the fluid
exchanged through the external surface of the specimen was not
representative of in-vivo conditions, where no free boundaries are
found. Thus, geometric and hydraulic resistances should be in-
tegrated in the model to confine the specimen and to approach
more realistic conditions.
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Chapter 6
Conclusions and Perspectives
Begin thus from the first act, and proceed; and, in conclu-
sion, at the ill which thou hast done, be troubled, and rejoice
for the good.
Pythagoras, 582 BC–497 BC
The main results obtained in this work on the mechanical behavior of
the periodontium are resumed hereafter (section 6.1). Conclusions and
guidelines for possible future works are given in sections 6.2 and 6.3,
respectively.
6.1 Summary
Refer to figure 6.1 (on page 187) for an overview at a glance of the main
results obtained in this work.
6.1.1 Histo-morphology
Histo-morphological studies were performed on undecalcified ground
sections and on decalcified semi-thin sections.
By means of computed image analysis, site specific blood vessels (BV)
densities (area and numerical fractions) and dimensions (diameters)
were assessed. The PDL width w0 was also extracted from such an
analysis. Eventually, roughness of the PDL boundaries with alveolar
bone and cementum were quantified via a fractal analysis.
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Qualitative investigation on the distribution pattern of the collagen
fibers (CFs) was performed using polarized light microscopy.
Results: The bovine PDL was characterized by a high degree of het-
erogeneity (due to the presence of large BV) and anisotropy (due to the
presence of CFs). Its structural pattern resulted to be unpredictable
among position along the roots in aspects such ligament width, BV den-
sity, CFs density and orientation, roughness of boundaries with bone
and cementum.
6.1.2 Mechanical testing
Classical flat specimens were used to assess the dependance of the me-
chanical response of the periodontium on site of extraction. Sinusoidal
1.0Hz displacement profiles were applied to the specimens to simulate
the physiological masticatory stimulus. Material parameters like ex-
tremal stresses and stretch ratios, phase lags, hystereses and degrees of
non-linearity (Fung’s type) were used for the analysis of the response.
New protocols were established for the extraction and for the testing of
periodontal cylindrical specimens. The pertinence in using of such new
specimens for a mechanical characterization of the PDL was checked via
a direct comparison with mechanical parameters obtained from classical
flat specimens.
A new testing system, the pressure chamber, was designed and build to
allow for multiaxial testing of the new cylindrical specimens.
Experimental investigation performed on cylindrical specimens enhan-
ced phenomena related to: (i) long lasting cycling; (ii) non-mechanical
tissue’s degradation; (iii) effect of loading frequency; (iv) pore fluid
flow through the tissues; (v) tissue’s compressibility; (vi) porosity and
permeability; (vii) fluid phase contribution to the mechanical response;
(viii) effects of multiaxial loading.
Results: Despite the high degree of bio-variability, no significant dif-
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ferences were recorded in the mechanical parameters assessed for flat
specimens coming from different locations around the tooth.
The new cylindrical specimens geometry and the new testing system
proved to be adequate for the mechanical investigation on the bovine
PDL. The various tests performed showed that: (i) steady response
to cyclic tensile-compressive loadings was reached only after long pre-
conditioning; (ii) effects of non-mechanical degradation were negligi-
ble during testing; (iii) distinct mechanical behavior were observed for
tensile and compressive loadings; in tension the PDL behaved as a
pseudo-elastic material, whereas in compression it rather behaved as
a pseudo-plastic viscous media; (iv) during cyclic loading, important
fluid exchanges between the specimens and the environment were ob-
served; (v) the PDL behaved as a highly compressible material; (vi) a
fluid phase could flow, with more or less ease, through the open pores
of the solid matrix of the tissues involved (i.e., alveolar bone, PDL
and cementum); (vii) the overall response of the periodontium was the
superposition of the mechanical contribution of a porous solid matrix
(carrying loads mostly for tensile loading) and of a fluid phase flow-
ing through its pores (mostly reacting to compressive loading); (viii)
multiaxial loading (axial loading and lateral hydrostatic confinement)
introduced discernible changes in the response of the solid skeleton only
when the tissues were in partially saturated conditions.
6.1.3 Numerical simulations
FE models were constructed to analyze the mechanical response of pe-
riodontal specimens when in (i) blotted (i.e., with no fluid phase within
the porous matrix) and (ii) fully saturated (i.e., when the pore volume
is entirely filled with fluid) conditions. The PDL’s material parameters
that could not be experimentally assessed were identified such as the
numerical response approached at best the experimental one.
Results: A compressible hyperelastic material model well described
the response of the PDL in the (i) blotted conditions. The contribution
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of the fluid phase was accounted for by (ii) extending this model to a
coupled hydro-mechanical problem. Although a quantitative analysis
could not be performed, this model furnished a pertinent qualitative
description of part of the observed phenomena.
6.2 Concluding
Alveolar bone, periodontal ligament (PDL) and cementum, makes up
a unique functional system called periodontium. From both biological
and mechanical standpoints, these three tissues are strictly connected
the ones to the others. In fact, remodeling processes of bone and cemen-
tum, allowing for dental growth and mobility, are promoted by cellular
activity, which is thought to be initiated by changes in the mechan-
ical stress distribution and/or fluid movements within these tissues.
Because of these strong connections, it has been suggested that the
bone-PDL-cementum system be regarded as an elementary unit when
the description of its mechanical behavior is investigated.
At a microscopic scale, the structure of the periodontium is heteroge-
neous and anisotropic.
At a macroscopic scale, the mechanical properties of the periodontium
are rather independent on the position along the roots.
The mechanical response of the periodontium to cyclic tensile-compres-
sive loadings results form the coupling of the mechanics of its porous
solid matrix and the fluid phase flowing through it, since important fluid
exchanges can take place between and within its tissues.
6.3 Continuation
Further effort in the investigation of the mechanical behavior of the
periodontium should be addressed to both experimental and theoretical
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Figure 6.1: Summary of the main results obtained in this work.
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approaches.
Experimental (histo-morphological and mechanical)
Still nowadays bone remodeling process remains not well understood.
Effort should be addressed to describe in more details this phenomenon,
which, among all possible sites in living beings, is highly prolific for
dental mobility. This should be done by coupling in-vivo and in-vitro
mechanical testing with biochemical and histo-morphological research.
The periodontal fluid phase pressure generated during physiological
occlusion of living subjects should be assessed for a better approach of
in-vivo conditions in in-vitro testing. This could be achieved by lodging
a tiny pressure sensor in the (perhaps human) periodontal space via
a hole drilled through the dentin wall. Measurements will be then
performed only after complete healing of the damaged tissues. In the
in-vitro testing the fluid pressure could then be monitored using the
same technique.
Furthermore, the testing device could be improved by integrating
a system allowing for temperature and pH level control. These two
parameters, in fact, are known to have an influence on the mechanical
behavior of biological tissues.
Numerical modeling
Improvements could be obtained by integrating (i) the material het-
erogeneity, due to the presence of oriented collagen fibers and (ii) the
(non-linear) viscoelastic characteristic presented by the solid matrix of
the PDL.
Simulation of the multiaxial loading should then be completed by
imposing pertinent boundary constraints to the model.
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Microtensile machine
Technical specifications for the MicroTester 5848 from Instron, Massa-
chusets, USA.
Parameter Specification
Maximum Speed 1500 mm/min
Minimum Speed 0.000024 mm/min
Return Speed 100 mm in 10 seconds
Position Resolution Position Resolution
1 micron between 200 and 1500 mm/min
Position Measurement ±0.5 microns over 250 microns travel
Accuracy Under No Load ±2.5 microns over 10 mm travel
±6.0 microns over 100 mm travel
Actuator Speed Accuracy ±0.1% of set speed
(Zero or Constant Load)
System Stiffness 8.32 kN/mm
Total Actuator Travel 110 mm
Total Vertical Space 680 mm
Height Height
Width 452 mm
Depth 440 mm
Width of Base Tray 378 mm
Space Between Columns 190 mm
Weight - Load Frame 89 kg
Drive system Timing belts & pulleys
Motor High performance brushless DC servo motor.
High torque to size and inertia ratios
Rotary Encoder 1000 lines optical incremental rotary
encoder attached to motor
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Appendix B
Pressure pump
Technical specifications for the 200cc/2MPa Advanced Pressure/Volume
Controller (ADVDPC) from GDS Instruments Ltd., UK.
Parameter Specification
Pressure Capacity 2 MPa
Volumetric Capacity 200cm3
Resolution of Measurement and Control Pressure: <0.1% full range
Volume: <0.5mm3% full range
Accuracy of measurement Pressure: <0.1% full range
Volume: <0.1% full range
Maximal Volume Compensation 500mm3/s
Size 860mm × 230mm × 220mm
Weight 20 kg
Computer Interface IEEE-488 Standard or
optional RS232
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Appendix C
Submersible load cell
Technical specifications for the Force Transducer Series K 1.0kN from
GTM Gassmann Testing and Metrology GmbH, Germany.
Parameter Specification
Nominal Capacity F ±1 kN
Linearity Error ±0.02%
Hysteresis ±0.02%
Weight 0.6 kg
Nominal Displacement 0.05 mm
Natural Frequency 8 kHz
Bridge impedance 700 Ω
Total Error 1% to 100% of F: ±0.4%
0.4% to 1% of F: ±0.8%
Influence of Lateral Forces ±0.02% per 0.1F
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Appendix D
Jacked tests
Specimens tested with the protocol described on page 93 for the jacked
test. All the curves showed similar results to what reported in section
4.4.10 for specimen WRdbI.
The only exception was specimen WLdlI (figure D.4), for which the
sealing system failed during the testing in partially saturated conditions
at 0.5MPa.
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Figure D.1: Effect of saturation on specimen WLdbII: each plot show the curves
recorded at a pressure level but for three different level of saturation.
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Figure D.2: Effect of saturation on specimen XRddI: each plot show the curves recorded
at a pressure level but for three different level of saturation.
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Figure D.3: Effect of saturation on specimen XLmmI: each plot show the curves recorded
at a pressure level but for three different level of saturation.
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Figure D.4: Effect of saturation on specimen WLdlI: each plot show the curves recorded
at a pressure level but for three different level of saturation. Notice that the sealing
system failed for p = 0.5MPa during the testing of the partial sat. conditions and for
p = 0.5MPa (d).
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Fitting of the solid matrix responses
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Figure E.1: Experimental and numerical curves for the solid matrix response for the
specimens of table 5.1.
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